Synthesis and characterization of novel ternary and quaternary reduced molybdenum oxides by Schimek, George Louis
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1993
Synthesis and characterization of novel ternary and
quaternary reduced molybdenum oxides
George Louis Schimek
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Inorganic Chemistry Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Schimek, George Louis, "Synthesis and characterization of novel ternary and quaternary reduced molybdenum oxides " (1993).
Retrospective Theses and Dissertations. 10266.
https://lib.dr.iastate.edu/rtd/10266

INFORMATION TO USERS 
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order. 
University Microfilms International 
A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600 

Order Number 9335015 
Synthesis and characterization of novel ternary and quaternary 
reduced molybdenum oxides 
Schimek, George Louis, Ph.D. 
Iowa State University, 1993 
U M I  
300 N. ZeebRd. 
Ann Arbor, MI 48106 

Synthesis and characterization of novel 
ternary and quaternary reduced molybdenum oxides 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Department: Chemistry 
Major: Inorganic Chemistry 
by 
George Louis Schimek 
For the Major Dqaartment 
Approved: 
For the Graduate College 
Iowa State University 
Ames, Iowa 
1993 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
DEDICATION 
In Memory of Louie Schlmek 
He taught me, through his actions, to live every day 
to its fullest: by doing the activities that bring you joy, 
with the people who are your friends. 
iii 
TABLE OF CONTENTS 
GENERAL INTRODUCTION 1 
Explanation of Dissertation Format 6 
SECTION 1. SYNTHESIS AND CHARACTERIZATION OF 
BagMOigOgg: AN OLIGOMER WITH FOUR 
TRANS EDGE-SHARING Mo OCTAHEDRA 7 
INTRODUCTION 8 
EXPERIMENTAL 9 
Materials and Methods 9 
Physical Measurements 10 
Molybdenum analysis 10 
X-ray powder diffraction 10 
Magnetic susceptibility 10 
Electrical resistivity 11 
Scanning electron microscopy 11 
Transmission electron microscopy 11 
Microprobe analysis 12 
Synthesis 12 
X-ray Powder Diffraction 16 
X-ray Single Crystal Data Collection 16 
Structure Solution and Refinement 20 
RESULTS AND DISCUSSION 28 
Description of Structure 28 
Discussion of Properties 36 
Bond length-bond strength relationships 36 
Magnetic and resistivity properties 40 
CONCLUSIONS 44 
iv 
SECTION 2. SYNTHESIS AND CHARACTERIZATION OF 
K^M M014O22 (M=Sn,Pb,Sr): OLIGOMERS 
WITH THREE TRANS EDGE-SHARING 
Mo OCTAHEDRA 45 
INTRODUCTION 46 
EXPERIMENTAL 47 
Materials and Methods 47 
Physical Measurements 48 
X-ray powder diffraction 48 
Magnetic susceptibility 48 
Scanning electron microscopy 49 
Microprobe analysis 49 
Electron spin resonance 49 
Synthesis 50 
X-ray Powder Diffraction 52 
X-ray Single Crystal Data Collection 52 
Structure Solution and Refinement 57 
RESULTS AND DISCUSSION 74 
Description of Structure 74 
Discussion of Properties 92 
Bond length-bond strength relationships 92 
Magnetic properties 98 
Electron spin resonance 101 
CONCLUSIONS 103 
V 
SECTION 3. SYNTHESIS AND CHARACTERIZATION OF 
^0.19^33.81^022034= AN OLIGOMER WITH FIVE 
TRANS EDGE-SHARING Mo OCTAHEDRA 104 
INTRODUCTION 105 
EXPERIMENTAL 106 
Materials and Methods 106 
Physical Measurements 107 
X-ray powder diffraction 107 
Magnetic susceptibility 107 
Scanning electron microscopy 108 
Microprobe analysis 108 
Electron spin resonance 108 
Synthesis 109 
X-ray Powder Diffraction 110 
X-ray Single Crystal Data Collection 112 
Structure Solution and Refinement 113 
RESULTS AND DISCUSSION 122 
Description of Structure 122 
Discussion of Properties 130 
Bond length-bond strength relationships 130 
Magnetic susceptibility 135 
Electron spin resonance 135 
CONCLUSIONS 138 
vi 
SECTION 4. SYNTHESIS AND CHARACTERIZATION OF 
Tio3iFei 69MO4O7: A MATERIAL CONTAINING 
CLOSEST-PACKING OF INFINITE CHAINS OF 
OCTAHEDRAL MOLYBDENUM CLUSTERS 139 
INTRODUCTION 140 
EXPERIMENTAL 141 
Materials and Methods 141 
Physical Measurements 142 
X-ray powder diffraction 142 
Magnetic susceptibility 142 
Scanning electron microscopy 142 
Transmission electron microscopy 142 
Microprobe analysis 143 
X-ray photoelectron spectroscopy 143 
Synthesis 143 
X-ray Powder Diffraction 145 
X-ray Single Crystal Data Collection 146 
Structure Solution and Refinement 146 
RESULTS AND DISCUSSION 153 
Description of Structure 153 
Discussion of Properties 157 
Bond length-bond strength relationships 157 
X-ray photoelectron spectroscopy 160 
Magnetic susceptibility 162 
Cation size effect 166 
Oxidation state summary 166 
Other important synthetic relationships to Tig 31 Fe^ .69'^ 04^7 • • "16® 
CONCLUSIONS 170 
vii 
SECTION 5. SYNTHESIS AND CHARACTERIZATION OF 
KxM2.xMoioOi6 (M=Ca,Sr,Gd): OLIGOMERS 




Materials and Methods 174 
Physical Measurements 175 
X-ray powder diffraction 175 
Scanning electron microscopy 175 
Microprobe analysis 175 
Synthesis 176 
X-ray Single Crystal Data Collection and Structure Refinement 178 
RESULTS AND DISCUSSION 195 
Description of the Structure 195 
CONCLUSIONS 206 
SECTION 6. SYNTHESIS AND CHARACTERIZATION OF 
THE RE^Mo^O i^ SERIES: RE = 
Y,Nd,Sm,Eu,Gd,Tb,Dy,Ho,Er,Tm,Yb, & Lu 207 
INTRODUCTION 208 
EXPERIMENTAL 209 
Materials and Methods 209 
Physical Measurements 209 
X-ray powder diffraction 209 
Magnetic susceptibility 210 
Electrical resistivity 210 
Scanning eiectron microscopy 211 
Transmission electron microscopy 211 
viii 
Synthesis 211 
RESULTS AND DISCUSSION 214 
Discussion of Properties 214 
X-ray powder diffraction 214 
Magnetic susceptibility 219 
Electrical resistivity 220 
CONCLUSIONS 224 
SECTION 7. SYNTHESIS AND CHARACTERIZATION OF 
Pbo 31WO3: A TETRAGONAL TUNGSTEN 
BRONZE CONTAINING LEAD 225 
INTRODUCTION 226 
EXPERIMENTAL 227 
Materials and Methods 227 
Physical Measurements 227 
X-ray powder diffraction 227 
Magnetic susceptibility 228 
Scanning electron microscopy 228 
Transmission electron microscopy 229 
Microprobe analysis 229 
Synthesis 229 
X-ray Powder Diffraction 230 
X-ray Single Crystal Data Collection 233 
Structure Solution and Refinement 233 
RESULTS AND DISCUSSION 238 
Description of Structure 238 
Discussion of Properties 244 
Bond length-bond strength relationships 244 
Magnetic properties 244 
CONCLUSIONS 247 
ix 
SECTION 8. EXAMINATION OF THE SUPERSTRUCTURE IN 
Fe- gqMOy, HHO,, SriQ gMOxOg, InMo^Og AND 
Mni gMogOn BY ELECTRON MICROSCOPY 248 
INTRODUCTION 249 
EXPERIMENTAL 250 
Materials and Methods 250 
Physical Measurements 250 
X-ray powder diffraction 250 
Transmission electron microscopy 250 
Scanning electron microscopy 251 
Synthesis 251 
RESULTS AND DISCUSSION 253 
MnisMOgO® 278 
InMoA . 285 
CONCLUSIONS 286 
GENERAL SUMMARY 287 
REFERENCES 291 
ACKNOWLEDGEMENTS 295 
APPENDIX A: MEASURED AND CALCULATED D-SPACINGS 
FOR THE RE^Mo^O i^ SERIES: RE = Y, Nd, 
Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, & Lu 297 
APPENDIX B: MAGNETIC SUSCEPTIBILITY FIGURES FOR 
SELECTED RE^Mo^O^^ MEMBERS 311 
X 
LIST OF FIGURES 
Figure 1.1. SEM micrograph at 130X of transported Gagl\^0.|gO2g 
crystals on quartz tubing 15 
Figure 1.2. X-ray powder diffraction pattern of BagMo^gOgg using 
Cu Koi radiation 19 
Figure 1.3. An ORTEP drawing of the tetrameric cluster unit, 
^®18®42' BagMo^g02g 29 
Figure 1.4. An ORTEP representation (70% thermal ellipsoids) of 
the tetrameric cluster unit emphasizing Mo-O 
intercluster connections in a stair-step manner 32 
Figure 1.5. An ORTEP drawing of the coordination 
environment surrounding bariums in BagMo^gOgg 33 
Figure 1.6. A view down the c axis of BagMo^g02g, parallel to 
the Mo octahedral chains 35 
Figure 1.7. Molar and inverse molar susceptibility versus 
temperature of BagMo j^gOgg 42 
Figure 1.8. Resistivity ratio of BagMo j^gOgg plotted versus 
temperature. The inset shows the nearly linear 
relationship between the natural logarithm vs 1/T 43 
Figure 2.1. An ORTEP representation of the Mo.|^Og^ cluster 
obsen/ed in K^ 29®"i .711^014022 75 
Figure 2.2. An ORTEP representation of the Mo.|^Og^ cluster 
observed in K^ ggPb.| g4Mo.|4022 76 
Figure 2.3. An ORTEP view perpendicular to the c axis of 
Ki ggSni 71MO14O22 with fragments of neighboring 
clusters included to indicate the stair-step 
manner in which the oligomeric units interconnect 79 
xi 
Figure 2.4. An ORTEP view perpendicular to the c axis of 
Ki eePbi 34M014O22 with fragments of neighboring 
clusters Included to indicate the stair-step manner 
In which the oligomeric units interconnect and 
the intercluster metal-metal bond 80 
Figure 2.5. An ORTEP view (70% thermal ellipsoids) of 
Ki ggSni 71M014O22 nearly parallel to the c axis, 
indicating the manner in which the chains 
Interconnect, thus creating pockets for the cations 82 
Figure 2.6. An ORTEP view (70% thermal ellipsoids) of 
Ki ggSni 71M014O22 nearly parallel to the c axis. 
One adjacent set of trimeric cluster units is included 
in the c direction to indicate the cation pocket 84 
Figure 2.7. Oxygen coordination around the potassium at the 
origin and the tin satellites located on either side of 
the origin in .29^"1.71 4(^22 86 
Figure 2.8. Cation coordination environment of the second major 
cation site, Sn2, and its satellite, K2A, in 
. ^1.29^"l.7l'^ °14^22 G7 
Figure 2.9. Oxygen coordination around the potassium/lead at 
the origin in .66^^1.34^°14^22 90 
Figure 2.10. Oxygen coordination environment of the second 
cation site, Pb2/K2, in gG^^I .34^°14^22 91 
Figure 2.11. Molar and Inverse molar susceptibilities versus 
temperature for K^ 29Sn-| 71 Mo^4022 99 
Figure 2.12. Molar and inverse molar susceptibilities versus 
temperature for Ki ggPbi 34MOi4022 100 
Figure 2.13. ESR spectrum for ggSn^ 71M014O22 taken at 112 K 102 
Figure 3.1. An ORTEP drawing (70% thermal ellipsoids) of the 
n=5 metal oxide cluster unit In KgjgBag (^022^34 
as they are found parallel to the c axis " 123 
xii 
Figure 3.2. An ORTEP drawing (70% thermal ellipsoids) 
emphasizing the interconnection of the metal oxide 
cluster units in Ko^gBa3 g^Mo22034 125 
Figure 3.3. An ORTEP drawing (70% thermal ellipsoids) of the 
coordination environment surrounding 
barium/potassiums in Kgy^gBag 1^022^34 128 
Figure 3.4. An ORTEP drawing, viewed down the c axis, 
emphasizing the interconnected metal oxide 
cluster units found in Kg^gBag IVIOggOg^ 129 
Figure 3.5. Molar susceptibility versus temperature of 
Kq.I 9^83.81 MO22O34 136 
Figure 3.6. ESR spectrum at 105 K for KQy|gBag g l^Vl022Og4 137 
Figure 4.1. An ORTEP drawing (70% thermal ellipsoids) of 
'^0.31 .69'^ °4^7 viewed parallel to the 
molybderium-oxide infinite chains, b direction 154 
Figure 4.2. Fe 2p core x-ray photoelectron spectrum 161 
Figure 4.3. Molar and inverse molar susceptibility versus 
temperature of Tig g^Fe^ ggMo^Oy 163 
Figure 4.4. Nonlinear least squares fit of high temperature data 
'^0.3l'^ ®1.69'^ °4^7 
Figure 4.5. The oxidation state flexibility of titanium & iron in 
Tio.31 F®1 ggMo^Oy at a fixed effective moment 165 
Figure 5.1. An ORTEP representation (70% thermal ellipsoids) of 
the basic building block found in Kg QgCa^ .94l^ °i 0^16' 
as viewed perpendicular to the a axis . . ! 196 
Figure 5.2. An ORTEP representation (70% thermal ellipsoids) 
indicating the stair-step manner in which the 
bioctahedral units interconnect in Kg oe^a^.94^0^0^16 197 
xiii 
Figure 5.3. An ORTEP representation indicating the manner in 
which the bioctahedrai units interconnect to form 
a cation pocl<et in Kg ogCa^ .941^01 6 199 
Figure 5.4. An ORTEP representation indicating the cation 
coordination sphere in Kg ggCa^ 0^16 200 
Figure 6.1. X-ray powder diffraction pattern of Y^IVIo^O^^ from 
8-80° two theta 213 
Figure 6.2. Variation of the a axis lattice parameter as a function 
of rare earth for RE^Mo^O^ ^ 215 
Figure 6.3. Variation of the b axis lattice parameter as a function 
of rare earth for RE^IVIo^O^ ^ 216 
Figure 6.4. Variation of the c axis lattice parameter as a function 
of rare earth for RE^Mo^O^ ^ 217 
Figure 6.5. Variation of the unit cell volume as a function of rare 
earth for the RE^Mo^O^ ^ series 218 
Figure 6.6. Resistivity ratio of Gd l^Vlo^O^ ^ versus temperature. 
The inset shows the nearly linear relationship 
between the log(p/p2g5) versus 1/T 221 
Figure 6.7. Resistivity ratio of Y^Mo^O^ ^ versus temperature. 
The inset shows the nearly linear relationship 
between the log(p/p2gg) versus 1/T 222 
Figure 7.1. The ORTEP representation of the Pbo.31 WO3 unit cell, 
as viewed parallel to the c axis 239 
Figure 7.2. An ORTEP drawing (70% thermal ellipsoids) of the 
Pbl coordination environment by oxygen 240 
Figure 7,3. The ORTEP drawing (70% thermal ellipsoids) of the 
Pb2 coordination environment by oxygen 242 
Figure 7.4. The octahedral coordination of oxygen around (a) W1 
and (b) W2, drawn with 70% thermal ellipsoids 243 
xiv 
Figure 7.5. Molar susceptibility versus temperature for Pbg g^WOg 246 
Figure 8.1. a) Selected area diffraction pattern for the [100] and 
b) the [110] of Fe^ g9M04 All observed reflections, 
for both patterns, were indexed for the subcell 255 
Figure 8.2. a) Simulated SAD for the [100] and b) the [110] of 
^®1.89'^ °4.11^7 
Figure 8.3. a) Convergent beam electron diffraction pattern and 
b) selected area diffraction pattern for the [001] of 
'^ ®1.89'^ °4.11^7 
Figure 8.4. Simulated SAD of the [001] for F©! .89^04^ ^ 07 258 
Figure 8.5. a) Selected area diffraction pattern for the [101] and 
b) the [Oil] of Fe^.89^04^^07 259 
Figure 8.6. a) Simulation of the SAD for the [101] and b) the [Oil] 
^®1.89^°4.11^7 
Figure 8.7. a) SAD for the [010] and b) its simulation for 
Fei89M04iiO7 261 
Figure 8.8. The unit cell of Ti» -,1 Fe- eoMo^Oy is isostructural to 
263 
Figure 8.9. Two layers of MOg indicating the Mo/Fe ordering in a 
superstructure of F®1.89^°4.11^7 - - 264 
Figure 8.10. Two layers of MOg indicating the Mo/Fe ordering in a 
superstructure of Fei.89^°4.ll^ 7 265 
Figure 8.11. Two layers of FeOg units in a superstructure of 
Fei.89M04ii07 266 
Figure 8.12. a) CBED of the [001] and b) SAD of the [001] for 
Sng gM040g 268 
Figure 8.13. SAD simulation of the [001 ] for Sng gM040g 269 
Figure 8.14. a) SAD of the [101] and b) the [110] for SnQ gM040g 270 
XV 
Figure 8.15. a) Simulation of the [101] and b) the [110] in 
®"o.9'^ °4®6 
Figure 8.16. a) SAD of another [110] and b) the [111] for 
SnQ 9M04O6 272 
Figure 8.17. SAD simulation of the [111] for SnggMo^Og 274 
Figure 8.18. View parallel to the c axis of Sng gMo^Og, Indicating the 
tunnels in which the tin cations reside 275 
Figure 8.19. a) Subcells, 2x2x2, of Sng gh/lo^Og emphasizing the 
alternating {111} planes, b) The new supercell of 
Sng gMo^Og showing the orthorhombic symmetry of the 
tin atoms in the supercell 277 
Figure 8.20. a) SAD of the [100] and b) [110] for IVIn^ glVIOgO^^ 279 
Figure 8.21. a) Simulation of the [100] and b) the [110] for 
Mn-j gMOgOj-j 280 
Figure 8.22. a) SAD of the [101] and b) [010] for Mn.| gMogO^ i^ 281 
Figure 8.23. a) Simulation of the [101] and b) the [010] for 
Mn^ gMOgO^^ 282 
Figure 8.24. a) SAD of the [Oil] and b) the [111] of 
Mn^ gMOgO l^ 283 
Figure 8.25. SAD simulation of a) the [Oil] and b) the [111] in 
Mn^gMOgO^^ 284 
xvi 
LIST OF TABLES 
Table 1.1. X-ray powder diffraction data for Ba3Mo^g028 17 
Table 1.2. X-ray crystallographic data for BagMo^gOgg 22 
Table 1.3. Atomic coordinates for BagMo^gOgg 23 
Table 1.4. Anisotropic temperature factors for BagMo j^gOgg 24 
Table 1.5. Selected metal-metal interatomic distances (Â) for 
BagMo^gOgg 25 
Table 1.6. Selected metal-oxygen bond distances (Â) for 
BagMo^gOgg 26 
Table 1.7. Selected bond angles (degrees) for BagMo^gOgg 27 
Table 1.8. Bond length-bond strength relationships for 
BagMo^gOgg 38 
Table 2.1. X-ray powder diffraction data for .711^014022 ^3 
Table 2.2. X-ray powder diffraction data for Kg gSrg l^Vlo^^Ogg 55 
Table 2.3. X-ray crystallographic data for 29®.71 4^22 ^0 
Table 2.4. Atomic coordinates for 29^^1.71 4^22 
Table 2.5. Anisotropic temperature factors for .714^22 ^2 
Table 2.6. Selected interatomic distances (A) for 
Ki .29®"i .71 "^^14^22 
Table 2.7. Selected bond angles (degrees) for K l^ ggSn^ 7^1^0^4622 65 
xvii 
Table 2.8. X-ray crystallographic data for K^ eePb^ .341^0^4032 68 
Table 2.9. Atomic coordinates for K^.66^^1.34^°14^22 69 
Table 2.10. Anisotropic temperature factors for .66*^^1.34^°14^22 70 
Table 2.11. Selected bond distances (Â) for K^ 0gPb^ 34(^0^4022 71 
Table 2.12. Selected bond angles (degrees) for .66^^1.34^°14^22 73 
Table 2.13. Bond distance-electron counting relationships in 
Myh^O^ 4^22 ' 77 
Table 2.14. Bond length-bond strength relationships for 
Ki 29Sni 71M014O22 94 
Table 2.15. Bond length-bond strength relationships for 
^1.66^^1.34^°14(^22 
Table 3.1. X-ray powder diffraction data for Kg .jgBag q^Mo22034 111 
Table 3.2. X-ray crystallographic data for Kg^gBag 81M022O34 116 
Table 3.3. Atomic coordinates for Kg i^gBag g l^VI022034 117 
Table 3.4. Anisotropic temperature factors for Kg jgBag 1^022^34 116 
Table 3.5. Selected metal-metal interatomic distances (Â) for 
*^0.19^^3.81'^ °22^34 
Table 3.6. Selected metal-oxygen bond distances (Â) for 
Ko.i9Sa3 81MO22O34 120 
Table 3.7. Selected bond angles (degrees) for Kg i^gBag l\/l022^34 121 
Table 3.8. Intercluster bond distances and electron counts for 
selected oligomeric members of the series, 
^x^°4n+2^6n+4 
xviii 
Table 3.9. Bond length-bond strength relationships for 
'^ 0.19®®3.8l'^ °22^34 
Table 4.1. X-ray powder diffraction data for Tig g^Fe^ gglVlo^Oy 145 
Table 4.2. X-ray crystallographic data for Tig g^Fe^ gglVlo^Oy 149 
Table 4.3. Atomic coordinates for Tig 31 Fe^ 09MO4O7 150 
Table 4.4. Anisotropic temperature factors for Tig Fe^ .69^°4^7 151 
Table 4.5. Selected bond distances (Â) for Tig g^ Fe^ .69^°4^7 151 
Table 4.6. Selected bond angles (degrees) for Tig g^ Fe^ .69^°4^7 152 
Table 4.7. Metal-metal bond distances for seven MgMo^Oy 
compounds 156 
Table 4.8. Bond length-bond strength relationships for 
'^0.31^®1.69^°4(^7 
Table 4.9. Unit cell parameters for all known M2MO4O7 167 
Table 4.10. Other reactions to prepare Tig g^ Fe^ .69^°4^7 1^8 
Table 5.1. X-ray powder diffraction data for Kg ggCa^ g^Mo^gO^g 177 
Table 5.2. X-ray crystallographic data for Kg ggCa^ g^Mo^gO^g 180 
Table 5.3. Atomic coordinates for Kg ggCa^ g^Mo j^gO^g 181 
Table 5.4. Anisotropic temperature factors for Kg ggCa^ g^Mo^gO^g 182 
Table 5.5. Selected bond distances (À) for Kg ggCa^ g^Mo^gO^g 183 
Table 5.6. Selected bond angles (degrees) for Kg ggCa^ g^Mo^gO^g 184 
xix 
Table 5.7. X-ray crystallographic data for Kg oeSr^ 94Mo., 0^16 185 
Table 5.8. Atomic coordinates for Kg ggSr^ g l^Vlo j^gO^g 186 
Table 5.9. Anisotropic temperature factors for Kg ggSr^ g l^Vlo^gO^g 187 
Table 5.10. Selected bond distances (À) for Kg ggSr^ g^Mo^gO j^g 188 
Table 5.11. X-ray crystallographic data for Kg gsGd^ gyMo^ 0^16 189 
Table 5.12. Atomic coordinates for Kg ggGd^ gylVlo^gO^g 190 
Table 5.13. Anisotropic temperature factors for Kg ggGd l^ gyMo^gO^ g 191 
Table 5.14. Selected bond distances (À) for Kg ggGd^ gyMo^gO^ g 192 
Table 5.15. Selected bond angles (degrees) for Kg ggGd l^ g^Mo^gO^ g 193 
Table 5.16. Supplementary crystallographic information for 
K,M2.^Mo,OO,6 194 
Table 5.17. Important metal-metal distances in the N/IgMo i^gO i^g series 195 
Table 5.18. Bond length-bond strength relationships for 
*^0.06^^1.94'^ °10^16 
Table 5.19. Bond length-bond strength relationships for 
'^ 0.06®''1.94'^ °10^16 
Table 5.20. Bond length-bond strength relationships for 
^ 0 . 3 3 ^ * ^ 1 . 0 ^ 1 6  
Table 5.21. Bond length-bond strength summations for MgMo^gO^g 205 
Table 6.1. Lattice parameters for RE^IVIo^O^ ^ 214 
Table 6.2. Magnetic properties of the RE^Mo^O^ ^ 220 
XX 
Table 7.1. X-ray powder diffraction data for Pbg 31WO3 231 
Table 7.2. X-ray crystallograpliic data for Pbg g^WOg 235 
Table 7.3. Atomic coordinates for Pbgg^WOg 236 
Table 7.4. Anisotropic temperature factors (Â^xlO®) for Pbg g^WOg 236 
Table 7.5. Select interatomic distances (A) and angles (degrees) 
for Pbg g^WOg 237 
Table 7.6. Bond length-bond strength relationships for Pbg g^WOg 245 
1 
GENERAL INTRODUCTION 
Since the discovery of the first ternary reduced molybdenum oxide containing 
trans edge-shared molybdenum octahedra, NaMo^Og^, a variety of structure 
types with this basic building mode have been synthesized. This diversity is 
achieved by the manner in which the molybdenum octahedra are interconnected 
or the number of edge-shared octahedra that occur in a chain segment. There 
are essentially 8 classes of materials, to date, that exemplify the above variations. 
One theme that generalizes all of these various classes of materials is the 
method in which the connectivity of the systems can be described. Schâfer and 
von Schnering^ use "i" for inner and "a" for ausser to represent the manner in 
which ligands or atoms are bound to clusters. This method can also be applied 
to the reduced molybdenum-oxide systems. The following definitions will be 
used: O' are oxygens that are edge-bridging only within a cluster, O'"' are 
oxygens that are edge-sharing between neighboring clusters, O'"® and O®"' are 
edge-bridging oxygens of one cluster that are terminal to the neighboring cluster 
(or vice versa), and O® designate oxygens that are only terminal to a given 
cluster. 
Perhaps, the most explored class of ternary reduced molybdenum oxide 
phases, containing Mo octahedra, is the series of the parent member, IVI^^IVIo^Og. 
This structure type consists of infinite chains of trans edge-shared molybdenum 
octahedra ([Mo^Og]"'^ ') running parallel to the c axis. These chains are 
interconnected via bridging oxygens with ' 
where n=cation valence, describing the connectivity. This arrangement of 
molybdenum oxide chains creates infinite tunnels in which a variety of cations can 
reside. The following compounds are known: NaMo^Og^, InMo^Og^, 
^^0.77^°4^6 '^ KMo^Og '^®'®, 
2 
LijçM04Og and Rb^ l^Vlo^Og^^, and Cs l^Vlo^Og.^^ 
The second class contains only one member, Mn^ gMOgO^^.^® This phase 
also has infinite chains of trans edge-shared Mo octahedra, [M04O5 gjV®' 
However, they are interconnected via three different types of Mo-0 bonds. 
Mn^ g[(M02M04/2Og/2O^3O^|)Of/3O '^/2] describes the connectivity of this 
compound. The interconnectivity of these molybdenum chains creates an infinite 
tunnel quite different from the first class. Here, the manganese are found in low 
symmetry sites, resulting in coordination numbers of four or five, although neither 
of the sites are fully occupied. X-ray diffraction data from single crystals and 
TEM indicate that a poorly understood superstructure does exist. 
A third class of ternary or quaternary reduced molybdenum oxides can be 
given the general formula where t and o superscripts 
denote tetrahedral and octahedral coordination sites. The infinite chains of 
molybdenum octahedra, ([Mo^OyjP"), in this phase form layers which are bound 
together by O-A-O and O-B-O bonds. The connectivity of these phases can be 
written as [AB]4[(M0gl\/l04/20i^ 2^4 )^4]' '^'muiation takes into account the 
pairwise bonding of the apical molybdenum atoms that causes a tilting of the 
octahedra and, thereby, doubles the repeat unit. This phase has been 
structurally characterized for Scg ygZn^ gglVlo^Oy and Tig gZn^ glVlo^Oy '^* and 
'^o.5^"l.4^°4.1^7' 
AIq 41 Fe^ 51M04 QgOy.^ ® Tig 31 Fei gglVl04Oy was discovered and characterized 
in the present work, and will be discussed in Section 4, with reference to the 
previously reported members of this series. Also, the superstructural ordering of 
Fei 89^°411^7' observed by electron microscopy, will be discussed in 
Section 8. 
Compounds with the formula MMoqOiq constitute a fourth class which 
contain Infinite chains of edge-shared molybdenum octahedra. In this phase, 
orthogonal, nonintersecting chains of molybdenum octahedra run parallel to the a 
3 
and b axes. Crosslinking of these chains through Mo-O-Mo bonds results in a 
still different connectivity, written as M[(MogMo4/202®8/2®4/3®^|)®2/3®^2]-
this system, there are no large open tunnels, but, rather, tetrahedral cavities 
between the orthogonal chains where the cations contribute to interlinking of the 
molybdenum octahedra. Only two compounds with this structural composition 
have been isolated, LIMOgO^g ZnMOgO^g-^^ 
If one dilutes a compound so that isolated infinite chains of trans edge-
shared molybdenum octahedra are formed, one arrives at the fifth class, the 
RE^Mo^O^ ^ phase. In these compounds, there are no direct Mo-O-IVIo linkages 
between chains; thus the following connectivity results: 
[REgOg]^ '^*'[(M0gM04/2O3Og/2)O4]^^". As written, these materials can be 
considered a ceramic coating of RE-oxide around wires of molybdenum 
octahedra. This system is stabilized by M=Y, Nd, and Sm-Lu.^®'^ ® The synthesis 
and properties of these compounds will be discussed in Section 6. 
The Mj^ Mo^gOgg system is unique because it is constructed from three kinds 
of infinite chains, and constitutes the sixth class. Single molybdenum atom 
chains, chains of infinite trans edge-shared rhomboidal clusters, and infinite 
chains of trans edge-shared molybdenum octahedra make up the three building 
blocks. I\/Ij^ (Mo03)2(Mo203 g)4(M04Og)2 describes these separate entities. All 
chains run parallel to the b axis and the cations reside in a distorted bicapped 
trigonal prismatic geometry of oxygens created by the connectivity of the three 
types of chains. The l\/lj^ Mo^g032 Phase can be formed by Y, Nd, Sm, Gd, Tb, 
Dy, and Er-Lu^° where x=4 and by Ca where x=5.45.^ 
The seventh class contains MOg units, that is, bicapped molybdenum 
octahedra, with the general formula MM0gO^4. Each MOg unit is connected to 
neighboring Mog units via bridging oxygens, and this connectivity can be 
formulated as IVI[(MOgOgO^)O^Og/3]. The cations are located within the 
cluster layers and are twelve coordinate in oxygen as tetracapped cubes. This 
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MMoq0^4 phase has been isolated for Nd, Pr, Sm, Gd^\ and La.^^ 
The eighth class is perhaps the largest and fastest growing area of ternary 
and quaternary reduced molybdenum oxides, compounds of the general formula 
Mp.j^ M04p^2O6n+4' where n equals the number of trans edge-sharing 
molybdenum octahedra. This formula represents a system where the infinite 
chains may be viewed as having been "cut" Into discrete oligomeric cluster units. 
The first compound in this series, In^ l^Vlo^gOgg^^, was discovered in 1986; this 
phase actually contains a 1:1 ratio of n=4 and 5 molybdenum octahedra. To 
date, it is the only reported member with mixed oligomers. Since 1986, a large 
effort has been put into synthetic work that involves "cutting" the infinite chains of 
molybdenum octahedra into varying lengths (different values of n) and studying 
their properties. 
The first oligomer reported with n=1 was BaMOgO^g- '^^  This orthorhombic 
compound has molybdenum octahedra arranged in a zig-zag fashion, thereby, 
allowing strong Mo-Mo bonding between basal molybdenums of one octahedron 
and apical molybdenums of adjacent octahedra. This material can be formulated 
as Ba '^^ [(M0g0204/20g/2)0gy2]^". The cation resides in a pocket created by the 
zig-zag molybdenum oxide framework. The crystalline powder phase of 
PbMOgO^O '® the only other known oligomer with n=1.^ 
The first reported material containing bioctahedra of molybdenum, 
La2Mo^QO^g, was discussed in 1988^®, although the calcium end member was 
alluded to in 1981.^^ The lanthanum member was structurally analyzed by 
Rietveld techniques. Subsequently, single crystal work was obtained for the 
ternary metals: Pb^®, Sn^^, Gd^®®, Ba^, and Ca, Sr, La, Ce, Pr, Nd, Sm, and 
Eu.^® The bioctahedra interconnect in a stair-step fashion, resulting in monociinic 
symmetry, and are characterized by a strong intercluster Mo-Mo bond and two 
apical-apical molybdenum bonds. This interconnectivity can be formulated as 
0^6^4/2^^)^^]^ ' Again, the cations reside in the pockets formed 
5 
by the molybdenum oxide framework. The synthesis and characterization of the 
first four quaternary (IVIo^gO^g) '^ clusters, Kg ggGd^ .67^°10^16' 
Ko.06Cai.94MoioOi6. Ko.o6S''i.94MOioOi6. 3"^ BaSrMOioOig, will be briefly 
compared and contrasted in light of the known ternary members in Section 5. 
A derivative structure of the M2Mo^qO^0 series has recently been reported 
by Gougeon.^^^ Ce^glVIOg^Ogg consists of two crystallographically unique Mo^g 
bioctahedra with the typical complement of oxygens bridging edges and capping 
apical molybdenum atoms of the octahedra. Both pair of octahedra still have the 
typical short apical-apical molybdenum bond. However, all of these metal-metal 
bonded units are isolated. The voids between the bioctahedral units are filled 
with isolated Mo atoms octahedrally surrounded by oxygen and cerium cations in 
a variety of coordination sites. This is the first oligomeric member found as 
isolated units. 
The first oligomer with n=3, Tl^  gSn^ 2'^ °14^22> was reported in 1989^®® and 
then a more detailed study was given in 1991 The trimers (three edge-shared 
Mo octahedra) in this compound are isolated, i.e. there is no intercluster Mo-Mo 
bonding, and the apical-apical molybdenum distances appear to be dependent 
upon the number of electrons available for metal-metal bonding. These systems 
have been found to be monoclinic, owing to their stair-step interconnections. The 
connectivity in this system can be written [Mg.J^"*" [(Mo^^O '^QO^/2(^ '^(V2) l^%]^ -
This Tl-Sn member is the first example of a nonstoichiometric oligomer, with 
respect to the cation, and indicates the ability of the molybdenum cluster to 
accept a variety of electron counts. Four other trimers have been synthesized 
and characterized in this group, KgMo^^022 by Chen^ and .71 4^22' 
^0.76^^1.53^°14(^22' ancl K2 gSrQ^Mo^^022 which will be discussed in Section 2. 
The tetrameric oligomer, n=4, had not been reported as a single phase 
constituent until the discovery of BagMo^gOgg^®, discussed here in Section 1. 
The Mo^g unit is similar to the related cluster found in In^^Mo^gOgg^^, with four 
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of the possible six apical-apical molybdenum Interactions found as strong metal-
metal bonds and no intercluster bonding. The tetramers are arranged in a stair­
step fashion and have monocllnic symmetry. The general formulation for this 
oligomer Is 
IngMOggOg^ has been characterized by X-ray crystallography and received a 
brief mention In 1986.®^ It Is the pentameric oligomer with a zig-zag arrangement 
of (IVIOg)g units that crystallizes with orthorhombic symmetry. The general 
formula, l^ 5.xl\^022^34 be written to indicate its connectivity in the following 
manner: 8^4/2barium end member, 
Bag.^ l^VIOggOg^ briefly discussed in Section 3, is isostructural to the ingM022O34. 
However, another arrangement, with a stair-step organization of the (IVIOg)g units 
has been identified for Ba4 2(^°22^34 ^0.19^^.81 ^ °22^34-^^ These 
members will also be discussed In Section 3. 
At this time, no larger oligomers of molybdenum octahedra have been 
definitively isolated, although HREM has verified their presence in the ln-Mo-0 
system 
Explanation of Dissertation Format 
This dissertation consists of eight sections. A General Introduction and a 
General Summary preclude and follow the main text, respectively. All references 
are given after the General Summary. 
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SECTION 1 
SYNTHESIS AND CHARACTERIZATION OF BagMo^gOgg: 
AN OLIGOMER WITH FOUR TRANS EDGE-SHARING Mo OCTAHEDRA 
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INTRODUCTION 
The discovery of Na^/lo^Og^ opened up a new field in ternary reduced 
molybdenum oxide chemistry, materials with infinite chains of trans edge-shared 
molybdenum octahedra. One of the goals of the research in this laboratory since 
then has been to "cut" the infinite chains into segments, in order to form new 
compounds, and thereby determine how the properties of these new materials 
differ from the IVI^Mo^Og phases. These oligomeric compounds can be derived 
from the general formulation, IVI^.^IVIo^^^^gOgn#' where n is equal to the number 
of edge-sharing molybdenum octahedra. The first such reported compound, 
ln^^Mo4oOg2^®, contained a one to one ratio of Mo^g (four edge-sharing 
octahedra) and M022 (five edge-sharing octahedra). High resolution electron 
microscopy on the products from the indium-containing oligomers indicated that 
fragments with four, five, and six membered chains were possible, and that they 
did not necessarily grow in an ordered manner. This observation indicates, to 
some extent, the small differences in thermodynamic stability that must occur 
among these oligomers. With this insight, the difficulty in synthesizing pure 
oligomers with only one type of cluster fragment can be appreciated. In this 
section the synthesis, structure, and physical properties of Ba l^Vlo^gOgg, the first 
pure n=4 oligomeric compound, will be discussed. The structural aspects of this 
new oligomer will be compared to the Mo^g cluster found in In^^Mo^gOgg. 
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EXPERIMENTAL 
Materials and Methods 
The synthesis of oxides containing molybdenum in relatively low oxidation 
states requires that the oxygen content be controlled stoichiometrically. 
Therefore, all reactions were carried out in evacuated (-1x10"^ torr) vessels made 
of fused silica. All reactants were thoroughly ground to produce a homogeneous 
mixture before being used as loose powders or pressed pellets. Mixed starting 
materials were subsequently stored in a desiccator. 
The starting reagents included BaMoO^, M0O2, and Mo. Barium molybdate 
was prepared by mixing an aqueous solution of BaClg SHgO (Baker Analyzed 
Reagent, 99.6%) with an aqueous solution containing a stoichiometric quantity of 
sodium molybdate dihydrate (Fisher Certified). The white precipitate was filtered, 
washed with copious amounts of distilled water, and then dried overnight at 
130°C under dynamic vacuum. During the initial grinding, streaks of white 
material were found within the black chunks of molybdenum dioxide (Alfa, 99%). 
Based upon the Guinier powder diffraction pattern, this white material was 
identified as molybdenum trioxide. Molybdenum analyses indicated that the real 
composition was MoOg ^8{1)- Approximately ten grams of the starting "MoOg" 
was ground into a fine powder and cleaned by successive washings with 3M 
NH4OH, distilled HgO, and 3M HCI. This cycle was repeated three times and 
finally the solid was rinsed with distilled water and then acetone. The clean 
molybdenum dioxide was air dried and then dried in vacuo at 150°C overnight. 
Molybdenum analyses indicated the final material could be formulated as 
MoO^ 99(1)* Molybdenum powder (Aldrich, 99.99%) was dried under dynamic 




Molybdenum analyses were performed on the starting MoOg reagent. 
Approximately 250 mg samples of "MoOg" were loaded into tared crucibles. The 
samples were fired in a muffle furnace at 520°C for eight hours to convert all the 
material to molybdenum trioxide. Then the samples were cooled in a desiccator 
and brought to constant weight by subsequent firing and cooling cycles. 
X-ray powder diffraction 
An Enraf Nonius Delft FR552 triple focusing Guinier x-ray powder diffraction 
camera was used with Cu K(X| radiation (k = 1.540562Â) generated from an AEG 
fine focus tube powered by a General Electric XRD-5 generator. National Bureau 
of Standards silicon powder was used as an external standard. Some samples 
were also analyzed with a Scintag 2000 powder 8-8 diffractometer using Cu Ko^ 
radiation. For the Scintag, the sample was pressed into a recessed region of a 
single crystal quartz plate.®^ 
Magnetic susceptibility 
The magnetic properties were examined on samples of selected crystals with 
a Quantum Design SQUID magnetosusceptometer. The samples were loaded 
into a 3mm inner diameter quartz tube that had been sealed on the bottom half 
with 3mm outer diameter quartz rod. A quartz rod also was placed in the top half 
of the loaded sample tube which then was mounted in an apparatus that allowed 
evacuation of the sample tube and purging with helium gas. To eliminate water, 
the system was heated to 120°C for an hour under dynamic vacuum. After 
cooling, the system was pumped and purged with helium three more times. The 
upper quartz rod was pushed into place under a partial pressure of helium (to 
facilitate temperature equilibration during measurements), sandwiching the 
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sample between "solid" quartz, and sealed off. This procedure was used to 
eliminate oxygen contamination, which has an antiferromagnetic transition at 
-50 K. The experimental data were corrected for the diamagnetic contribution 
from the quartz. Measurements on empty quartz tube/rod assemblies, with 
varying gap sizes, indicated that the diamagnetic contribution from the quartz was 
related to the size of the gap. Since the signal versus gap size could be fit by a 
line, the correction was simply employed by measuring the length of the gap 
containing the sample. 
Electrical resistivity 
Electrical resistivity measurements were carried out on a pressed pellet 
(8800 psi) that had been sintered in an evacuated fused silica ampoule at 1230°C 
for twelve hours. This measurement was based on the van der Pauw®^ four 
probe method for electrical conductivity. The basic method employs passage of a 
constant current through two leads of the sample while concurrently measuring 
the potential drop across the other two leads at a given temperature. Platinum 
wire leads were used and attached to the sample pellet via Epo-Tech silver epoxy 
resin. 
Scanning electron microscopy 
A Cambridge S-200 scanning electron microscope was employed for 
qualitative elemental analysis using a Tracor Northern Micro Z-ll energy 
dispersive spectrometer (EDS) with a beryllium window. Powdered samples 
and/or crystals were loaded on a metal disk via Scotch double-stick tape and 
sputter-coated with gold to improve their conductance. 
Transmission electron microscopy 
A Philips CM30 transmission electron microscope was used to determine the 
presence or absence of any superstructure ordering. An approximate one to one 
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mixture of microcrystalline sample and G-1 Epoxy from Gatan was placed 
between lens paper, pressed between aluminum plates, and cured at 120°C for 
ten minutes. A three millimeter disk was punched out, thinned to -20 |xm by 
dimpling, put on a 200 mesh copper grid for support, and subsequently ion milled 
until a hole was observed. The sample and supporting grid assembly were 
subsequently loaded into the TEM sample holder for investigation. 
Microprobe analysis 
Elemental analyses were completed by Dr. Alfred Kracher (Department of 
Geological and Atmospheric Sciences) on an ARL SEMQ microprobe. The 
instrument was equipped with wavelength dispersive spectrometers (WDS) and 
operated at 15 kV and 25 nA. Samples were mounted in Epo-Tek 301-2 epoxy 
resin, dried, and polished to produce a flat surface. Prior to examination, the 
samples were sputtered with carbon to insure conductivity. Peak profiles and 
backgrounds were measured for the standards, which included BaSO^ and Mo 
metal. Data were analyzed using Probe®® software. 
Synthesis 
The tetrameric oligomer was first discovered as black, chunk-like crystals in 
a multiphase product obtained from a reaction prepared and fired by Dr. Dick 
Nagaki. This initial reaction was prepared to form the quaternary dimeric 
oligomer, LaBaMo^ 2(^20' stoichiometric quantities of LagOg, BaMoO^, MoOg, 
and Mo. The reagents were thoroughly ground and loaded into a fused silica 
tube with approximately forty weight percent BaClg added as a potential flux 
(melting point = 963°C). The crystals of the tetrameric phase came from the 
reaction fired at 1230°C for one week. 
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An x-ray single crystal diffraction data set was collected at 24°C on a crystal 
with a Rigaku AFC6R diffractometer. The unit cell indexed as monoclinic with 
a=9.939(2)Â, b=9.354(3)Â, c=13.058(1 )Â, (3=100.945(9)° and met the conditions 
for the space group P2^/a (#14). All atomic positions for molybdenum, oxygen, 
and cations were determined, thermal parameters varied, and occupancies 
checked, but the structure would not refine below R=8.5%. Perhaps this crystal 
was twinned. Most bond distances had large standard deviations, thermal 
parameters were irregular, and the difference between La and Ba, and their 
population, could not be discerned. Many other crystals from the same reaction 
were indexed, but most were badly twinned. Further synthetic work, to grow 
better quality crystals, was undertaken. 
SEM EDS on some of the crystals from Nagaki's reaction indicated that 
lanthanum, chlorine, or silicon were not present. Subsequent reactions to prepare 
Ba^Mo^gOgg stoichiometrically from BaMoO^, MoOg, and Mo in fused silica tubes 
at 1230°C for four to twenty-five days resulted in microcrystalline black powders 
that contained MoOg and the tetrameric oligomer, based on the Guinier powder 
diffraction patterns. Excess barium molybdate was added and fired under the 
same conditions as given above; no improvement was found. Thus BaClg was 
deemed an essential ingredient necessary for the growth of larger crystals. Using 
the above stoichiometry, reactions with trace to 50 wt% anhydrous BaClg were 
fired in fused silica tubes at 1230-1250°C for four to ten days. Generally, a larger 
quantity of BaClg resulted in more, although badly twinned, crystals that were 
transported to the opposite end of the fused silica tube. Subsequently, it was 
determined that the BaClg was not the necessary component, but rather, the 
presence of trace amounts of water, in the form of BaClg-2^120. To ascertain 
that water was the transport agent, the same reaction with NH^CI, instead of 
BaClg, was run. In this case, the transported product was MoOg, thus eliminating 
the possibility of HCI as the transport agent for the tetrameric oligomer. 
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Reactions to prepare Ba l^Vlo^gOgg from stoicliiometric quantities of Bak/loO^, 
MoOg, and Mo with 1.5 mg of BaCig ^HgO were fired in fused silica tubes at 
1230°C for 5-15 days. One and a half milligrams of barium chloride dihydrate 
created a total vapor pressure of nearly one atmosphere at this firing 
temperature. All reactions resulted in the growth of numerous, large, chunk-like 
crystals on the far end of the tube, as viewed in Figure 1.1. A subsequent single 
crystal refinement was explored on a fragment of a crystal taken from a reaction 
run at 1230°C for 8.5 days in fused silica. This refinement indicated that the 
cation occupancy was only 75% of the possible cation sites. But again, the 
refinement was hindered by possible twinning and resulted in R=6.0%. 
Finally, better single crystals of BaglVlo^g02g were synthesized by loading a 
loose powder containing an intimate mixture in a 3:8:7 mole ratio of BaMoO^, 
MoOg, and Mo, with 1.5 mg of BaClg HgO into a fused silica tube (4-6 cm in 
length). The evacuated, fused silica ampoule was fired at 1230°C for 15 days. 
All reactions were cooled at ~20°C/20 minutes to 1150°C, -50°C/20 minutes to 
800°C and then quenched to room temperature. In this case, the crystals were 
not only transported, but were also found dispersed in the loose, black bulk 
powder. Good single phase material of BagMo^gOgg, based upon the Guinier 
powder diffraction patterns, could be prepared in fused silica vessels by omitting 
the dihydrate salt, firing the mixture at 1230°C for 8.5 days, and using the above 
cooling schedule. Good single phase material was only obtained when transport 
was eliminated. Precautions were taken to eliminate water and thus discourage 
transport. This was accomplished by firing unsealed, but evacuated, reagents at 
200°C for one hour under dynamic vacuum. 
Figure 1.1. SEM micrograph at 130X of transported Ba^Mo^gOgg. The small fragments 
on the crystal surfaces are quartz. 
16 
X-ray Powder Diffraction 
Tiie observed versus calcuiated d-spacings and reiative intensities are given 
in Table 1.1 for Bagl\^0^gO2g. The calcuiated d-spacings were derived from the 
lattice parameters determined by single crystal indexing. Figure 1.2 illustrates the 
obsen/ed diffraction pattern for Ba^Mo^gOgg. All d-spacings are based on Cu 
K<X| radiation. 
X-ray Single Crystal Data Collection 
A large, black, chunk-like crystal with good faces was indexed and found to 
be twinned. The crystal was broken and a fragment having the dimensions 0.04 
X 0.07 X 0.1 mm® was remounted on a glass fiber with Devcon five minute epoxy 
resin. A Rigaku AFC6R rotating anode diffractometer, equipped with graphite 
monochromated Mo Ka radiation (X^0.71069Â) generated at 7 kW, was used. 
Lattice parameters and an orientation matrix for data collection were derived from 
25 randomly located and centered reflections with a two theta range of 13-19°. 
The lattice was determined to belong to the monoclinic system with cell 
dimensions: a=9.936(2)Â, b=9.371(2)À, c=13.061 (3)Â, p=100.93(2)°, and 
volume=1194.0(5)Â®. Three standard reflections were measured every 150 
reflections and showed no apparent variation in intensity during the data 
collection. A refinement on 19 reflections with strong intensity and two theta 
values near 40° gave an idealized cell with the following lattice parameters: 
a=9.939(2)Â, b=9.377{2)Â, c=13.057(2)Â, p=100.92(1)°, and volume=1194.7(3)Â®. 
Data were collected at room temperature from 0 to 50° in two theta in the 
hemisphere (dth,k,±l), using an ®-20 scan mode. The number of reflections 
measured was 4587, of which 2599 were observed and 1284 were unique with 
l>3a(l). The linear absorption coefficient for Mo Ka was 138.45 cm'^ . An 
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Table 1.1. X-ray powder diffraction data for BagMo^gOgg 
d-spacing (A) Intensity® hkl 
observed calculated'^  
6.771 6.761 s 110 
6.440 6.410 w(sh) 002 
5.683 5.681 vw 111 
4.888 4.880 w 200 
4.672 4.688 m 020 
4.221 4.226 w 120 
3.672 3.669 vw 122 
3.562 3.567 vw 203 
3.379 3.381 w 220 & 221 
3.336 3.337 w 212 
3.307 3.306 vw 301 
3.114 3.118 s 311 
3.056 3.056 vw(sh) 114 
2.971 2.977 s 130 
2.815 2.814 vw 213 _ 
2.699 2.702 m 302 & 321 
2.676 2.673 vw 320 
2.663 2.661 vw 124 
2.520 2.511 vw 133 
2.482 2.485 m 401 
2.399 2.402 s 411 
2.339 2.344 m 040 
2.301 2.300 m-w 115 
2.282 2.279 vw(sh) 140 
2.192 2.195 s 421 
2.171 2.172 vw 331 
2.135 2.137 vw 006 
^Intensity: s=strong, m=medium, w=weak, v=very, and sh=shoulder 
''Refined monoclinic cell parameters obtained from single crystal measurements: 
a=9.939(2)A, b=9.377(2)A, c=13.057(2)Â, and P=100.92(1)° 
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Table 1.1. (continued) 
d-spacing (Â) Intensity® hkl 
observed calculated^ 
2.116 2.117 w 125 
2.106 2.111 w 333 
1.942 1.939 s 234, 235, & 511 
1.839 1.842 m 150 
1.827 1.829 m(sh) 521 
1.815 1.815 vw 335 
1.802 1.802 vw 520 
1.793 1.794 vw 514 
1.703 1.705 m 4£|_ 
1.581 1.581 w(sh) 237 
1.495 1.494 m 254 
1.434 1.433 m 603 
1.369 1.369 vw 626 
1.355 1.355 vw 543 
1.321 1.322 w 724 _ 
1.240 1.240 w 652, 651, & 634 
1.227 1.227 w 707 
1.223 1.222 m 643 
1.170 1.171 m-w 644 
1.154 1.154 m-w 626 
1.097 1.097 w 912 
1.074 1.075 vw 804 & 905 
1.060 1.060 vw 756 
1.050 1.050 vw 658 
1.035 1.036 vw 852 
1.033 1.033 vw 764 
0.993 0.993 vw 638 
0.970 0.970 vw 861, 737, & 863 
0.960 0.960 vw 857 & 718 
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Figure 1.2. X-ray powder diffraction pattern of Ba^Mo^gOgg using Cu Kcu, radiation 
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empirical absorption correction®® was applied based upon azimuthal scans of 3 
reflections with an average transmission range of 0.763-1.000. The intensity data 
were corrected for Lorentz and polarization effects. 
Structure Solution and Refinement 
The space group P2^/a (#14) was chosen based upon the systematic 
absences of hOI: h?t2n and OkO: k^2n, with violations for (100), (010), and (506), 
all of which were located near intense reflections. The (303) was also in violation 
of the hOI: h?t2n condition for the space group P2^/a, however this reflection could 
be eliminated because the (606) was very intense. This violation most likely 
arises from )J2 radiation. The structure was solved by direct methods using 
SHELXS®^ (R=0.049) and refined on I F| by full matrix least squares 
techniques^® with the TEXSAN®® package. Since all atomic positions had been 
determined in previous refinements (as mentioned under Synthesis), positional 
parameters were entered and allowed to vary. The previous refinements also 
indicated that one of the cation sites was disordered about the special position at 
the origin. Therefore, this initial refinement allowed the barium to move 
positionally and have an occupancy of 50% on each of two sites located near the 
origin. These parameters converged at R=11%. Refinement of the isotropic 
thermal parameters decreased R to 8.0%. Allowing the thermal parameters of 
the heavy atoms and those oxygens that would not go negative to refine 
anisotropically gave R=5.5%. The barium occupancy and thermal parameters 
were varied simultaneously for both cations. Bal did not vary from full occupancy 
and was therefore fixed at that value. The final refined occupancy of Ba2 was 
99.8(2)%. A secondary extinction correction was applied and refined to 
3.6(2)x10"^. All molybdenum, barium, and 4 of 14 oxygen atom thermal 
parameters were refined anisotropically. The temperature factors for the 
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remaining ten oxygen atoms would only refine isotropically, with 012 having an 
unusually small thermal parameter. The refinement converged at R=0.0427 and 
R^=0.0509 with a final electron difference map indicating the largest peak of 
5.2 e/Â® located at the center of the octahedra found at either end of the n=4 
fragment and the smallest peak of -1.6 e/Â® located 0.7Â from Mo5. Given the 
relatively large quantity of electron density remaining, the central position was 
refined as an oxygen (all distances were acceptable Mo-O bond lengths) with 
varying degrees of population. All refinements with this extra atom diverged. 
This residual electron density and the behavior of the thermal parameters of the 
oxygen atoms might be the result of the data to parameter ratio (7:1) and/or a 
poor absorption correction. 
Details of the data collection and refinement for BagMo j^gOgg are given in 
Table 1.2. Final positional parameters and isotropic temperature parameters are 
given in Table 1.3. Anisotropic temperature factors are listed in Table 1.4. 
Selected metal-metal interatomic distances, metal-oxygen bond distances, and 
bond angles are found in Tables 1.5, 1.6, and 1.7, respectively. 
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Table 1.2. X-ray crystallographic data for BagMo^gOgg 
formula BagMO^gOgg 
formula weight 2586.89 
crystal system monoclinic 
space group P2i/a (#14) 
a, Â 9.939(2) 
b,Â 9.377(2) 
c, Â 13.057(2) 
P, degrees 100.92(1) 
volume, Â® 1194.7(3) 
Z 2 
calculated density, g/cm® 7.190 
FOOO 2296 
crystal size, mm® 0.04 X 0.07 X 0.10 
|x(Mo Ka), cm"^ 138.450 
diffractometer Rigaku AFC6R 
X, Â, graphite monochromator 0.71069 
temperature, °C 24 
two theta range, degrees 0-50 
scan mode (0-20 
No. reflections collected 4587 
No. observations (l>3o(l)), (unique) 2599 (1284) 
No. variables 182 
goodness of fit® 1.59 
max. shift in final cycle 0.006 
largest peaks in final diff. map, e/Â® +5.2, -1.6 
transmission coefficient 0.763-1.000 
0.0427, 0.0509 
^Quality of fit = [ Zml FJ -I FJ l^ /lN„bs-Nparameterel 
''R = alFj-lFjl/aFj 
= [ EmU Fj -I Fj )VE(ùl FJ (ù=V<^{ FJ ) 
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Table 1.3. Atomic coordinates for Ba l^Vlo^gOgg 
Atom® X Y Z < 
Bal 0.5747(1) 0.5079(2) 0.3434(1) 1.09(5) 
Ba2° 0.5162(3) 0.4989(3) 0.0627(2) 0.7(1) 
Mol 0.4165(2) 0.1103(2) 0.9989(1) 0.31(6) 
Mo2 0.4648(2) 0.1204(2) 0.2151(1) 0.35(6) 
Mo3 0.3559(2) 0.1179(2) 0.7823(1) 0.29(6) 
Mo4 0.6248(2) 0.1276(2) 0.8783(1) 0.29(6) 
Mo5 0.5726(2) 0.1222(2) 0.6756(1) 0.36(7) 
Mo6 0.6847(2) 0.1307(2) 0.1211(1) 0.28(6) 
Mo7 0.7360(2) 0.1319(2) 0.3229(1) 0.36(6) 
Mo8 0.5320(2) 0.1261(2) 0.4270(1) 0.38(6) 
Mo9 0.3032(2) 0.1135(2) 0.5710(1) 0.38(7) 
01 0.578(1) 0.249(1) 0.999(1) 0.4(2) 
02 0.753(1) 0.753(1) 0.334(1) 0.6(3) 
03 0.687(1) 0.258(1) 0.443(1) 0.6(3) 
04 0.490(1) 0.735(2) 0.224(1) 0.7(6) 
05 0.411(2) 0.247(2) 0.330(1) 0.7(3) 
06 0.620(1) 0.269(2) 0.220(1) 0.7(6) 
07 0.247(1) 0.482(1) 0.000(1) 0.3(2) 
08 0.352(1) 0.242(2) 0.109(1) 0.7(3) 
09 0.648(1) 0.508(2) 0.560(1) 0.8(5) 
010 0.317(1) 0.498(2) 0.221(1) 0.8(5) 
Oil 0.793(1) 0.504(2) 0.221(1) 0.5(2) 
012 0.298(1) 0.242(1) 0.888(1) 0.1(2) 
013 0.370(1) 0.996(2) 0.449(1) 0.3(5) 
014 0.536(1) 0.767(1) 0.450(1) 0.4(2) 
®AII atoms reside on the Wyckoff position 4e 
h"he equivalent isotropic temperature factor, Bg-, is defined as 
8nf/3{E|Zj(U;ja^a^^; aj)), where the summations of i and j range from 1 to 3 
®Ba2 is split off the special position (2a) 1/2,1/2,0; each of the two positions with 
an occupancy of 49.9(1)% 
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Table 1.4. Anisotropic temperature factors® (Â^x10®) for BaglVlo^gOgg*^ 
Atom Ui1 if
 
*^33 Ui2 Ui3 *^23 
Ba1 8.5(7) 7.2(6) 24.9(8) -0.1(6) 1.6(5) 3.3(6) 
Ba2 8.(1) 6.(1) 14.(1) 2.(1) 2.(1) 1.(1) 
Mo1 4.7(9) 3.3(9) 3.9(9) -0.1(8) 1.5(7) -0.9(7) 
Mo2 4.8(9) 4.4(8) 4.(1) 0.4(8) 1.6(7) -0.1(7) 
Mo3 3.8(9) 4.0(8) 3.1(9) -0.3(8) 0.2(7) -0.3(7) 
Mo4 3.6(9) 4.2(8) 3.3(9) 0.5(8) 1.0(7) -0.7(8) 
Mo5 6.(1) 4.0(9) 4.(1) -1.4(8) 0.9(7) 0.6(7) 
Mo6 5.0(9) 3.4(8) 2.2(9) -0.4(8) 1.0(7) -0.3(7) 
Mo7 6.5(9) 2.9(8) 5.(1) -0.0(8) 1.5(7) -0.3(7) 
Mo8 5.(1) 5.5(9) 4.(1) -0.2(8) 0.0(7) -0.1(7) 




04 1.(8) 17.(8) 9.(8) 0.(7) -1.(6) -8.(7) 
05 9.(3) 
06 13.(9) 7.(7) 7.(8) 5.(6) 6.(6) 1.(6) 
07 3.(3) 
08 8.(3) 
09 11.(7) 13.(8) 6.(7) 5.(7) 2.(6) -2.(7) 
010 12.(7) 5.(7) 13.(8) -6.(7) 2.(6) -5.(7) 
011 6.(3) 
012 2.(3) 
013 3.(7) 4.(6) 4.(7) 1.(7) -2.(5) 1.(6) 
014 5.(3) 
®The coefficients U» of the anisotropic temperature factor expression are defined 
as exp(-2nf(a*^u/i h^+b*^U22l<^+c*^U33i^ +2a*b*Ui 2hl<+2a*c*Ui 3hl+2b*c*U23l<l)) 
h'hermal parameters for oxygens 01, 02, 03, 05, 07, 08, 011, 012, and 014 
oniy refined isotropicaliy 
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Table 1.5. Selected metal-metal interatomic distances (Â) for BagMo^gOgg^ 
M01-M01' 2.650(4) M0I-M02 2.775(3) 
Mo1-Mo3' 2.778(3) Mo1-Mo4 2.833(3) 
M0I •-Mo4 2.822(3) M0I-M06 2.842(3) 
M0I '-M06 2.824(3) Mo2-Mo3 2.854(3) 
Mo2-Mo4 2.697(3) Mo2-Mo5 2.747(3) 
M02-M06 2.704(3) Mo2-Mo7 2.796(3) 
M02-M08 2.720(3) Mo3-Mo4 2.730(3) 
Mo3-Mo5 2.778(2) Mo3-Mo6 2.716(3) 
Mo3-Mo7 2.780(3) Mo3-Mo9 2.710(3) 
Mo4-Mo5 2.599(3) apical'' M04-M06' 3.113(2) apical 
Mo5-Mo8 2.786(3) Mo5-Mo8' 3.195(3) inter® 
Mo5-Mo9 2.767(3) Mo6-Mo7 2.587(3) apical 
Mo7-Mo8 2.646(3) Mo7-Mo9 2.752(3) 
M08-M08' 3.176(4) inter M08-M09 2.777(3) 
Mo8-Mo9' 3.216(3) inter Ba2-Ba2'^  1.607(5) 
Ba1—Ba2 3.603(3) Bal—Bal' 4.609(3) 
®Atoms with primed numbers are related to those with unprimed numbers by the 
inversion center. 
^Apical-apical Mo-Mo bond distances 
°lntercluster Mo-Mo bond distances 
^Each barium at 49.9% occupancy 
26 
Table 1.6. Selected metal-oxygen bond distances(Â) for BagMo^gOgg^ 
M01-01 2.06(1) M0l-O7' 2.03(1) 
M01-08' 2.08(1) Mol-012' 2.09(1) 
M02-O5' 2.07(2) M02-O6 2.07(1) 
M02-O8' 1.97(1) M02-OII' 2.08(1) 
M03-02' 2.07(1) M03-O4' 2.08(1) 
Mo3"010 2.05(2) M03-012' 1.97(1) 
Mo4-0r 2.07(1) Mo4-04' 2.04(1) 
M04-O7' 2.08(1) M04-OII' 2.02(1) 
M04-O12' 2.10(1) Mo5-02' 2.15(1) 
M05-04' 2.05(1) Mo5-Oir 2.03(1) 
M05-O13' 2.13(1) M05-O14' 2.07(1) 
M06-OI 2.06(1) M06-O6 2.02(1) 
M06-O7 2.09(1) M06-O8 2.08(1) 
M06-OIO 2.06(1) M07-03 2.09(1) 
M07-05 2.06(1) M07-O6 2.04(1) 
Mo7-09 2.09(2) M07-OIO 2.07(2) 
M08-O3 1.96(1) M08-O5' 1.94(1) 
M08-OI3' 2.08(1) inter^ M08-OI3' 2.07(1) 
M08-OI4' 2.11(1) inter M09-O2' 1.92(1) 
Mo9-03' 2.20(1) inter Mo9-09 1.90(2) 
M09-O13' 2.14(1) M09-O14' 2.02(1) 
Ba1-02 2.92(1) Ba1-03 2.81(1) 
Ba1-04 2.68(2) Bal-05 2.93(1) 
Ba1-06 2.85(1) Ba1-09' 2.78(1) 
Ba1-09 2.75(1) Bal-010 2.75(1) 
Ba1-011 2.93(1) Bal-013 3.00(1) 
Ba1-014 2.86(1) Ba2-01 2.60(1) 
Ba2-01' 2.62(1) Ba2-04 3.10(1) 
Ba2-06 3,03(1) Ba2-07' 2.65(1) 
Ba2-07 2.64(1) Ba2-08 3.04(1) 
Ba2-010 3.12(1) Ba2-011 3.12(1) 
Ba2-012 3.05(1) 
®Atoms with primed numbers are related to those with unprimed numbers by the 
inversion center. 
^Interciuster Mo-O bond distances 
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Table 1.7. Selected bond angles (degrees) for BaglVlo^gOgg^ 
Mo1 -Mo1 '-Mo2 91.7(1) Mo1-Mo1*-Mo3 92.6(1) 
Mo2-Mo1-Mo3' 175.7(1) Mo4-Mo1-Mo6 87.63(9) 
Mo4-Mo1-Mo6' 87.47(9) Mo1-Mo2-Mo3 88.44(9) 
Mo1 -Mo2-Mo8 175.7(1) Mo3-Mo2-Mo8 88.27(9) 
Mo4-Mo2-Mo6 92.9(1) Mo5-Mo2-Mo6 89.05(9) 
Mo1 '-Mo3-Mo2 87.26(9) Mo1'-Mo3-Mo9 177.2(1) 
Mo2-Mo3-Mo9 90.03(9) Mo4-Mo3-Mo6 91.9(1) 
Mo5-Mo3-Mo7 88.70(9) Mol *-Mo4-Mo2 89.34(9) 
Mo1 -Mo4-Mo3 90.0(1) Mo5-Mo4-Mo6' 179.2(1) 
Mo2-Mo5-Mo9 91.13(9) Mo3-Mo5-Mo8 88.59(9) 
Mo4-Mo5-Mo8' 175.4(1) inter^ Mo1-Mo6-Mo3 89.83(9) 
Mo1 '-Mo6-Mo2 89.40(9) Mo4-Mo6'-Mo7' 179.7(1) 
Mo2-Mo7-Mo9 90.3(1) Mo3-Mo7-Mo8 91.4(1) 
Mo2-Mo8-Mo5' 172.9(1) inter Mo2-Mo8-Mo9 91.4(1) 
Mo5-Mo8-Mo5' 116.30(9) Mo5-Mo8-Mo7 91.3(1) 
Mo3-Mo9-Mo8 90.16(9) Mo5-Mo9-Mo7 89.46(9) 
Mo4-O1'-Mo6' 99.(1) Mo3-02'-Mo9 85.3(7) 
Ba1-02'-Mo5 93.4(6) Mo4-04'-Mo5 78.7(7) 
Ba1 -05-Mo7 89.9(7) Mo2-05'-Mo8 85.0(8) 
Mo6-06-Mo7 78.8(7) Mo4-07'-Mo6' 96.(1) 
Ba2-08~Mo6 91.2(6) Mo1-08'-Mo2 86.5(7) 
Mo6-010-Mo7 77.3(7) Mo4-O11 *-Mo5 80.6(7) 
Ba2-012'-Mo4 89.8(5) Mo1-012'-Mo3' 86.8(7) 
Mo5-013'-Mo8' 98.(1) Mo5-O13'-Mo8 83.(1) 
Mo5-O13'-Mo9' 177.(1) inter Mo8-013'-Mo8' 100.(1) 
Mo8-013'-Mo9' 100.(1) inter Mo8-O13'-Mo9 82.(1) 
Mo5-O14'-Mo8' 100.(1) inter Mo5-O14'-Mo9 86.(1) 
Mo8-O14'-Mo9' 102.(1) inter 




RESULTS AND DISCUSSION 
Description of Structure 
Tlie basic building block, IVIo^gO^g' of four trans edge-shared molybdenum 
octahedra in BagMo^gOgg, is shown in the ORTEP^® drawing of Figure 1.3. The 
most notable feature of the structure is that the tetrameric unit has a short-long-
short arrangement of apical-apical Mo-Mo bonds. The short apical-apical 
molybdenum bond distances, 2.599(3)Â for (Mo4-Mo5) and 2.587(3)Â for 
(Mo6-Mo7), are in the region typically considered single bonds, and constitute the 
strongest metal-metal bonds in BagMo^gOgg. The pairing of the apical 
molybdenum atoms creates a central, long apical-apical distance of 3.113(2)Â for 
(Mo4-Mo6). Based upon the basal plane molybdenum bond angles of 175.7(1)° 
for (Mo8-Mo2-Mo1), 175.7(1)° for (Mo2-Mo1-Mo3'), and 177.2(1)° for 
(Mo1'-Mo3-Mo9), there is not only pairing of the apical molybdenum atoms but 
also a small contribution from tilting of the octahedra, similar to that encountered 
for Scg ygZn^ 25^0407.^^ The inequivalent apical-apical Mo-Mo bond distances 
are, in part, the result of this tilting. Perhaps the tilting is not so much due to 
electronic considerations as it is from packing considerations and the extended 
length of four edge-shared octahedra. 
The formation of the four short apical-apical bonds can be thought of as 
arising from the condensation of two trans edge-shared bioctahedra, which also 
show strong apical-apical bonding (BagMo^gO^g, 2.621 (2)Â).^ The short-long-
short configuration of apical Mo-Mo bonds was first observed in the n=4 
oligomeric cluster of Simon's In^^Mo^gOgg (2.651 Â, 3.125Â, 2.651 A).Formally, 
Simon's cluster has been assessed as having an anionic charge of (Mo^gOgg)^", 
and the Ba^Mo^gOgg metal oxide framework gives a formal charge of 6-. The 
I 
Figure 1.3. An ORTEP drawing of the tetrameric cluster unit, Mo^q042, of Ba^Mo^gOgg using 70% thermal 
ellipsoids. Note the short-long-short arrangement of apical-apical molybdenum bonds. 
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removal of one electron from Simon's framework, corresponding to the charge of 
6-, does not change the central, long apical-apical distance, but results In a 
decrease of the short aplcal-aplcal molybdenum distances by about 0.07Â. As 
reported by Wheeler and Hoffmann"*^, the observed aplcal-aplcal molybdenum 
bond distortions open a larger HOMO-LUMO gap. The positioning of this gap is 
more suitable for clusters formulated as Mo^gOgs '^i as found in BagMo^gOgg. A 
cluster with this electron count has the HOMO completely filled. 
Many other similarities exist between the clusters in BagMo^gOgg and those 
in Simon's In^^Mo^gOgg. The average metal-metal bond distance of 2.761 Â 
found here is very similar to the 2.789Â found in the n=4 cluster of In^^Mo^gOgg. 
Trans edge-shared molybdenum-molybdenum distances follow the opposite trend 
seen in the apical-apical molybdenum bond distances. If the apical-apical 
distance above the corresponding trans edge is very short, then the Mo-Mo bond 
distance of that trans edge will be longer than the average trans edge bond 
length, and vice versa. In BagMo^gOgg, the trans edges [and apical-apical] 
distances are 2.854(3)Â for (Mo2-Mo3) [2.599(3)Â for (Mo4-Mo5)], and 2.650(4)Â 
for (M0I-M0I') [3.113(2)Â for (Mo4-Mo6)]. This trend was also observed in 
In^^Mo^gOgg (2.676Â [3.125Â], 2.830Â [2.651 A]). Another interesting trend found 
in both compounds is the short-long-long-short arrangement of Mo-Mo octahedral 
edge bond distances parallel to the chain direction. The values for BagMo^gOgg 
are reported first with the corresponding bond distance for In^^Mo^gOgg found 
within the square brackets. The edge Mo-Mo bond distances are: 2.720(3)Â for 
(M08-M02) [2.761 A], 2.775(3)A for (Mo2-Mo1) [2.826A], 2.778(3)A for (Mo1-Mo3') 
[2.826Â], and 2.710(3)A for (Mo3'-Mo9') [2.761 A]. 
The shortest intercluster Mo-Mo bond distances previously determined for 
oligomers with more than two trans edge-shared octahedra, namely 3.191 (2)A for 
KgMo^^Ogg^, 2.991 (3)A for Tl^  gSn^ .2^°14(^22^°' greater than 3.20A for the 
mixed oligomer In^^Mo^gOgg, indicate that there was little, if any, intercluster 
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metal-metal bonding. BaglVlo^gOgg also follows this trend with the three shortest 
intercluster metal-metal distances at 3.176(4)Â for (M08-M08'), 3.195(3)Â for 
(Mo5-Mo8'), and 3.216(3)Â for (Mo8-Mo9') as shown in Figure 1.4. 
Within the Mo^q cluster, six molybdenums are only four-coordinate in oxygen 
(M0I, Mo2, and Mo3) and the remaining twelve molybdenums are five-coordinate 
in oxygen (Mo4 to Mo9). The molybdenum-oxygen bond distances vary from 
1.90(2)Â for (Mo9-09) to 2.20(1 )Â for (Mo9-03). The average Mo-O bond 
distance is 2.06Â which compares to 2.07Â for the n=4 member in ln^^Mo^QOg2. 
Both extreme molybdenum-oxygen distances occur within the region where 
intercluster bonding couples the chain fragments together through Mo-O-Mo 
bonding parallel to the c axis. The extreme Mo-O distances for ln-|iMo4QOg2 
occur at exactly the same atoms. 
The stair-step fashion in which the tetrameric units are bonded to each other 
in the c axis direction is shown in Figure 1.4. This type of interconnection creates 
a void where cation coordination is irregular and therefore the barium-oxygen and 
molybdenum-oxygen bond distances vie for a suitable compromise, particularly at 
the ends of the cluster fragment. The coordination sphere of oxygen atoms 
around the bariums is shown in Figure 1.5. The cation located adjacent to the 
end octahedra in the tetrameric unit, Bal, is eleven-coordinate in oxygen. The 
barium-oxygen bond distances range from 2.68(2)Â for (Ba1-04) to 3.00(1 )Â for 
(Ba1-013). The second barium is ten-coordinate in oxygen and the barium-
oxygen bond distances range from 2.60(1 )Â for (Ba2-01) to 3.12(1)Â for 
(Ba2-010 and Ba2-011). Oxygen atoms 01 and 07 are shared between the 
statistically occupied Ba2 and oxygen atoms 04, 06, 010, and 011 are shared 
between Bal and Ba2. Ba2 resides on one of two sites at any given time, 
disordered about the special position at the origin. These two sites are separated 
by 1.607(5)Â for (Ba2-Ba2'). Ba2 probably does not reside at the origin because 
this would require the cation to be in square planar coordination by oxygen. 
Figure 1.4. An ORTEP representation (70% thermal ellipsoids) of the tetrameric cluster unit 
emphasizing Mo-O intercluster connections in a stair-step manner 
Figure 1.5. An ORTEP drawing (70% themnal ellipsoids) of the coordination environment surrounding 
bariums in BagMo^gOgg. Ba2 and Ba2' are each 50% occupied. 
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Based upon the structural systematics and the general formulation, 
M^Mo4j,^206n+4' ^^^re should be four cation sites available, separated on 
average by the repeat distance along the molybdenum octahedra, -2.75À. This 
distance would be shorter than twice the ionic radius for Ba^^ reported by 
Shannon.^^ The distance between Ba1 and Ba2 of 3.603(3)Â, is reasonable 
based upon the Shannon ionic radius of 1.52Â for ten-coordinate Ba"*"^ or 1.57Â 
for eleven-coordinate Ba"*"^. This cation separation is larger than the 3.524(2)Â 
reported for BaglVlo^gO^g. BagMo^gOie incorporates the maximum number of 
barium cations into the pockets created by the molybdenum-oxide framework. 
BaglVlo^gOgg uses only 75% of the possible cation sites. Therefore it is 
reasonable that the cations are located further apart in the n=4 oligomer. 
The statistical occupation of Ba2 raises two questions: 1) can the cation 
population be verified by an alternate method, and 2) is there any superstructural 
ordering due to the partial occupation of barium? Confirmation of the composition 
was carried out by electron microprobe analyses. Data collected on three 
different crystals indicated that the composition was Bag 8^28' 
excellent agreement with the value determined by crystallographic methods. 
Based upon single crystal lattice parameters, electron diffraction patterns were 
indexed as the [100], [110], and the [201] zone axes. No superstructure 
reflections were observed in any of the micrographs, furthermore the [100] and 
[110] diffraction patterns explicitly indicated no superstructure parallel to the c-
axis, the expected direction if there was any ordering of the cations. The [100] 
and [201] diffraction patterns also indicated that no ordering occurred parallel to 
the b axis. Thus Ba2 must be randomly distributed over the two sites located 
near the special position at the origin. 
Figure 1.6 is an ORTEP drawing of the unit cell of Bagl\/lo.|g02g as viewed 
down the c axis. From this perspective, the interconnection among Mo^g units in 
the a and b directions through bridging oxygens can be seen. This cross-linking 
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Figure 1.6. A view down the c axis of BagMo^gOgg. parallel to the Mo octahedral 
chains. Barium-oxygen bonds have been omitted for clarity. 
Thermal ellipsoids are at 70% probability for this ORTEP drawing. 
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creates pockets in wliicii tlie barium cations reside. Tiiis view is reminiscent of 
the infinite chain compounds, such as NalVlo^Og^, and shows that the couplings 
in the a-b plane are quite similar. 
BagMo^gOgg can be described by the following connectivity formula, 
Ba|+[(M0ig0;40|/^0;32)0i|i2]®*- Oxygen atoms 01, 04, 06, 07, 09, 010, 
and 011 are edge-bridging only within the cluster unit and are labelled O'. The 
oxygen atoms corresponding to O'"' are edge-sharing between neighboring 
clusters, these are labelled 013. Oxygens considered O'"® (or O®"') are edge-
bridging between molybdenum atoms of one cluster and terminal to another 
molybdenum in a neighboring cluster (or vice versa), these include 02, 03, 05, 
08, 012, and 014. 
Discussion of Properties 
Bond length-bond strength relationships 
The application of bond length-bond strength relationships has provided 
valuable insights into the structure, bonding, and oxidation states of reduced 
molybdenum oxides that have been synthesized in this laboratory.^® The bond 
order for metal-metal bonds can be determined using Pauling's bond order 
equation'*'^  found in Equation 1, 
d(n) = d(1) - 0.61log(n) (1) 
where d(n) is the bond distance for a metal-metal bond in question and n is the 
bond order for that metal-metal bond. d(1) is the metal-metal distance considered 
a single bond; for molybdenum this value is 2.614Â, derived from the distance to 
nearest and next-nearest neighbors in bcc molybdenum metal. Bond strengths 
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for Mo-O bonds are calculated from the empirical relationship developed by 
Brown and Wu^® and given in Equation 2. 
s(Mo-O) = [d(Mo-0)/1.882]-®° (2) 
The bond length, in valence units (v.u), is given by s(Mo-O) and d(Mo-O) is the 
observed Mo-O bond distance iri angstroms. Since s(Mo-O) is given in valence 
units, the sum of all Mo-O bond valences about a given Mo atom will give the 
valence (oxidation state) of that atom. 
The numerical values of these calculations are found in Table 1.8. 
BagMo^g02g follows the same general trends for valence as has been found for 
the other oligomers discovered in this laboratory, namely BagMo^gO^g and 
KgMo^^Ogg. The molybdenums in the basal plane (Mo1, Mo2, and Mo3), but not 
at the end of cluster unit, have the highest coordination by other molybdenum and 
therefore the most electrons available for metal-metal bonding. Apical 
molybdenums (Mo4, Mo5, Mo6, and Mo7) are five-coordinate in molybdenum (or 
six if there is apical-apical bonding) and exhibit intermediate metal-centered 
electron counts. And molybdenums (Mo8 and Mo9), located at the end of the 
cluster unit, are four-coordinate in molybdenum (or more depending on 
intercluster bonding) and have the fewest electrons per molybdenum available for 
metal-metal bonding. 
The number of metal-centered electrons (MCE) per Mo^gOgg®" cluster can 
be estimated from the sum of the metal-metal bond orders (n), and results in 
MCE(2En)=62.8(7)e" if all bonds are included, or 61.7(6)e" if intercluster bonds 
are excluded. The total valence of the tetrameric unit based upon the summation 
of the individual valences of the molybdenum atoms derived from Mo-O bonds is 
2Zs=50(2)e'. The number of electrons available for metal-metal bonding can also 
be calculated by subtraction of 50(2) from 108 (6x18), the maximum number of 
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Table 1.8. Bond length-bond strength relationships for Ba^Mo^gOgg 





2.650(4) 0.873(13) 2.06(1) 0.581(16) 
2.775(3) 0.545(7) 2.03(1) 0.635(18) 
2.778(3) 0.538(6) 2.08(1) 0.549(16) 
2.833(3) 0.438(5) 2.09(1) 0.533(15) 
2.822(3) 0.456(5) Es = 2.30(7) 
2.842(3) 0.423(5) 
2.824(3) 0.453(5) 
En = 3.73(5) 
2.775(3) 0.545(7) 2.07(2) 0.565(32) 
2.854(3) 0.404(4) 2.07(1) 0.565(16) 
2.697(3) 0.731(8) 1.97(1) 0.760(23) 
2.747(3) 0.605(7) 2.08(1) 0.549(16) 
2.704(3) 0.712(8) Es = 2.44(9) 
2.796(3) 0.503(6) 
2.720(3) 0.670(7) 
!Cn = 4.17(5) 
2.778(3) 0.538(6) 2.07(1) 0.565(16) 
2.854(3) 0.404(4) 2.08(1) 0.549(16) 
2.730(3) 0.645(7) 2.05(2) 0.599(18) 
2.778(2) 0.538(4) 1.97(1) 0.760(23) 
2.716(3) 0.680(8) Es = 2.44(7) 
2.780(3) 0.534(6) 
2.710(3) 0.696(8) 
En = 4.04(5) 
2.833(3) 0.438(5) 2.07(1) 0.565(16) 
2.822(3) 0.456(5) 2.04(1) 0.617(18) 
2.697(3) 0.731(8) 2.08(1) 0.549(16) 
2.730(3) 0.645(7) 2.02(1) 0.654(19) 
2.599(3) 1.058(12) 2.10(1) 0.519(15) 
3.113(2) 0.152(1) Es = 2.90(8) 
En = 3.48(4) 
Table 1.8. (continued) 
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Atom d(Mo-Mo) n d(Mo-O) s 
Mo5 2.747(3) 0.605(7) 2.15(1) 0.450(12) 
2.778(2) 0.538(4) 2.05(1) 0.599(18) 
2.599(3) 1.058(12) 2.03(1) 0.635(18) 
2.786(3) 0.522(5) 2.13(1) 0.476(13) 
3.195(3)® 0.112(2) 2.07(1) 0.565(16) 
2.767(3) 0.561(6) Es = 2.73(8) 
En = 3.40(4) 
Mo6 2.842(3) 0.423(5) 2.06(1) 0.581(16) 
2.824(3) 0.453(5) 2.02(1) 0.654(19) 
2.704(3) 0.712(8) 2.09(1) 0.533(15) 
2.716(3) 0.680(8) 2.08(1) 0.549(16) 
3.113(2) 0.152(1) 2.06(1) 0.581(16) 
2.587(3) 1.107(12) Es = 2.90(8) 
En = 3.53(4) 
Mo7 2.796(3) 0.503(6) 2.09(1) 0.533(15) 
2.780(3) 0.534(6) 2.06(1) 0.581(16) 
2.587(3) 1.107(12) 2.04(1) 0.617(18) 
2.646(3) 0.886(10) 2.09(2) 0.533(29) 
2.752(3) 0.594(7) 2.07(2) 0.565(32) 
En = 3.62(4) Es = 2.83(11) 
Mo8 2.720(3) 0.670(7) 1.96(1) 0.784(24) 
2.786(3) 0.522(5) 1.94(1) 0.834(26) 
3.195(3)® 0.112(2) 2.08(1) 0.549(16) 
2.646(3) 0.886(10) 2.07(1) 0.565(16) 
3.176(4)® 0.120(2) 2.11(1) 0.504(15) 
2.777(3) 0.540(6) Es =3.24(10) 
3.216(3)® 0.103(1) 
En = 2.95(3) 
Mo9 2.710(3) 0.696(8) 1.92(1) 0.887(17) 
2.767(3) 0.561(6) 2.20(1) 0.392(11) 
2.752(3) 0.594(7) 1.90(2) 0.944(57) 
2.777(3) 0.540(6) 2.14(1) 0.463(13) 
3.216(3)® 0.103(1) 2.02(1) 0.654(19) 
En = 2.49(2) Es .  =3.34(13) 
^Intercluster metal-metal bond distance 
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valence electrons available from eighteen molybdenum atoms. The resulting 
MCE, based on the bond valences calculated in valence units, is 58(2)e'. This 
value is in excellent agreement with the 58e~ expected, based on the formula and 
formal oxidation states for barium and oxygen. 
The value, based on Equation 1, of 61.7 electrons is obviously too high. 
Perhaps the value derived from Pauling's equation is high due to the length used 
for a Mo-Mo single bond. The Pauling's d(1) was derived from interatomic 
distances in molybdenum metal. In molybdenum metal, which is body-centered 
cubic, the environment around each metal is identical. Likewise, each 
molybdenum atom in the infinite chain compounds, Mj^ Mo^Og, also have a quite 
regular environment. Thus Pauling's formulation worked well. However, this 
scenario is not the case for a number of members of the oligomeric series^, 
M)(Mo^^_^2(^6n+4' Metal-metal bonding of apical molybdenums and varying 
degrees of intercluster Mo-Mo bonding in the oligomers create disparate 
environments, where the coordination number of surrounding metal atoms for any 
given molybdenum will range from four to seven. The larger than expected 
number of electrons available for metal-metal bonding may be the result of such 
varying environments for the molybdenum atoms in the oligomeric series. 
Using Equation 2 to determine the valence of the barium cations, where 
d(Ba-0)= 2.297 and the exponent is -7.0, gives a value of 2.56(8) for Ba1 and 
2.34(5) for Ba2. Both values are above the expected +2, however, similar results 
were obtained for the n=1 cluster, BaMogO^g^ '^ n=2 cluster, BagMo^gO^g, 
with the calculated valences at 2.6(1) and 2.78(9), respectively. 
Magnetic and resistivity properties 
The magnetic susceptibility of BagMo^gOgg was measured on selected 
crystals over the temperature range of 6-356 K. The data have been corrected 
for diamagnetic core contributions based on values reported by Selwood."^® 
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Figure 1.7 displays both the molar and inverse molar susceptibilities for the 
tetrameric compound. The tail from 6-100 K most likely arises from paramagnetic 
impurities. Interestingly, the susceptibility nearly levels off at -4500x10"® emu/mol 
from 100-356 K with a slight increase in the slope. This value would imply that 
the compound is either Pauli paramagnetic or that the cluster has a residual 
moment (due to temperature independent paramagnetism, xjip) of about 
250x10"® emu/Mo, which is not too unreasonable. The relative flatness of the 
data above 100 K indicates that the material is essentially diamagnetic, in 
agreement with the calculated even electron count based upon formal oxidation 
states. 
If BagMo^gOgg were Pauli paramagnetic, it would imply that the compound 
should be metallic. Attempts to attach leads to large crystals failed, due in part to 
the chunk-like nature in which the crystals grow. Most crystals were no larger 
than 0.5mm in the longest dimension. Therefore, a sintered, pressed pellet of the 
tetramer was subjected to resistivity studies. The sample was measured from 
liquid nitrogen (77 K) to room temperature (295 K), as the system slowly warmed 
up with evaporation of the coolant. The resistivity of this sample at 295 K was 
-8.8 ohms, or -2.6 ohm-cm. A plot of the resistivity ratio (p(T)/p(295)) versus 
temperature and the natural log of the resistivity ratio versus temperature"^ (inset) 
are shown in Figure 1.8. The increasing resistivity with decreasing temperature 
clearly indicate the semiconducting behavior of BagMo^gOgg. As can be 
observed from the inset, the data can not be linearly fit (as would be expected for 
a strictly semiconducting material). The changing slope would imply a changing 
size in the band gap, most likely due to impurities in the sample. Nonetheless, 
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Rgure 1.8. Resistivity ratio of BagMo j^gOgg plotted versus temperature. The inset shows the nearly linear 
relationship between the natural logarithm versus 1/T, indicating semiconducting behavior. 
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CONCLUSIONS 
The structural aspects of the pure n=4 oligomeric compound, BagMo^gOgg. 
are very similar to those reported by Simon^® for the analogous cluster in 
In^ ^ Mo^gOge- Apical-apical molybdenum bond distances follow a short-long-short 
arrangement and the average metal-metal and metal-oxygen bond distances are 
comparable. As the chain length increases, the cluster units tend to be 
interconnected via Mo-0 bonds only, such is also the case for BaglVlo^gOgg. 
Perhaps the greatest benefit from the analysis of BagMo^gOgg can be the 
certainty that the barium cations are isolated (i.e. no metal-metal bonding) and 
that the cluster unit can be considered a Mo^gOgg®" fragment from an electronic 
point of view. Bond order sums around the molybdenums result in a larger than 
expected number of MCE, most likely due to the choice of d(1), the length of a 
molybdenum-molybdenum single bond. The summation of the individual 
molybdenum valences predicts 58(2)e' available for metal-metal bonding, this 
value coincides with calculations using formal oxidation states. 
Magnetic susceptibility measurements indicate that the tetrameric oligomer is 
diamagnetic, but does have a substantial temperature independent paramagnetic 
moment. The diamagnetic character is in agreement with the even electron count 
and the arrangement of the molecular orbitals calculated by Wheeler and 
Hoffmann.'^ ^ Pressed pellet resistivity measurements confirm that the material is 
not Pauli paramagnetic, but actually a small band gap semiconductor. 
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SECTION 2 
SYNTHESIS AND CHARACTERIZATION OF K^MyMOi^ Ogg (M=Sn,Pb,Sr): 
OLIGOMERS WITH THREE TRANS EDGE-SHARING Mo OCTAHEDRA 
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INTRODUCTION 
New compounds, in which the condensation of trans edge-sharing 
molybdenum octahedra has been limited to finite segments, have been fittingly 
called oligomers. These materials have clusters of metal-metal bonded octahedra 
that are similar to those in the infinite chain compounds, 
However, various structural distortions abound in the oligomeric members. The 
quest for new materials with three edge-sharing molybdenum octahedra is fueled, 
in part, by the desire to learn more about the relationships that exist between 
these structural distortions and the number of electrons available for metal-metal 
bonding. Promoting the growth of crystals containing any given oligomer requires 
an intricate and interdependent set of variables, including reaction temperature 
and time, transport agents, cationic size, and number of electrons donated by the 
cations. Members of the oligomeric series can be derived from the general 
formulation, Mj,.j^ Mo4p^2®6n+4' where n equals the number of trans edge-sharing 
molybdenum octahedra. A brief communication on the first n=3 member, 
Tl^  gSn^ 2lVlo^^022, was reported by Simon in 1989.^®® A more detailed study 
followed in 1991.®° Also in 1991, KglVlo^^022 was prepared and characterized by 
Chen.^ Two analogous compounds with intermediate electron counts, 
^1.3®"1.7'^ °14^22 ^ave been synthesized, structured, 
and their magnetic properties investigated. A third new member, 
K2 eSfg 4MO14O221 has also been identified. These new members will be 
compared and contrasted with the two previously reported compounds via their 
structural distortions and the electron counts available for metal-metal bonding. 
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EXPERIMENTAL 
Materials and Methods 
The synthesis of oxides containing molybdenum in relatively low oxidation 
states requires that the oxygen content be controlled stoichiometrically. 
Therefore, all reactions were carried out in evacuated vessels made of fused 
silica (-1x10"^ torr) or molybdenum metal (-2x10"® torr). All reactants were 
thoroughly ground to produce a homogeneous mixture before being used as 
loose powders or pressed pellets. Mixed starting materials were subsequently 
stored in a desiccator. 
The starting reagents included KgMoO^, SrMoO^, SnO, Sn, PbO, MoOg, 
MoOg, and Mo. Potassium molybdate was prepared by reacting KOH (Fisher 
Certified A.C.S.) with a stoichiometric quantity of MoOg in deionized water. The 
molybdate solution was filtered, the volume reduced by heating, and the product 
collected on a glass frit. The wet molybdate was dried at 120°C overnight. 
Strontium molybdate was prepared by reacting SrCOg (Baker Analyzed, 99.6%) 
with a stoichiometric quantity of MoOg at 550°C for three days in an open 
crucible. The resulting product was air cooled to room temperature. Tin (II) oxide 
was prepared by the method of Weiser and Milligan.'*^ Molybdenum dioxide 
(Alfa, 99%) was cleaned and dried as discussed previously in Section 1. Lead(ll) 
oxide (Aldrich, 99.9%) was used directly from the bottle. Molybdenum trioxide 
was fired at 520°C overnight in an open crucible and then cooled over desiccant. 
Molybdenum and tin powders (Aldrich, 99.99% and Fisher, respectively) were 
dried under dynamic vacuum at 120°C overnight. All reagents were stored in a 
desiccator. In some reactions, molybdenum tubing (Thermoelectron Corp., 
99.97%) was used as a reactant vessel. The tubing was cleaned by heating at 
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950°C for five hours under a flowing hydrogen atmosphere. After cooling to room 
temperature under hydrogen, the tubing was also stored over desiccant. 
Physical Measurements 
X-ray powder diffraction 
An Enraf Nonius Delft FR552 triple focusing Guinier x-ray powder diffraction 
camera was used with Cu K<x^ radiation {X = 1.540562Â) generated from an AEG 
fine focus tube powered by a General Electric XRD-5 generator. National Bureau 
of Standards silicon powder was used as an external standard. 
Magnetic susceptibility 
The magnetic properties were examined on samples of selected crystals with 
a Quantum Design SQUID magnetosusceptometer. The samples were loaded 
into a 3mm inner diameter quartz tube that had been sealed on the bottom half 
with a 3mm outer diameter quartz rod. A quartz rod also was placed in the top 
half of the loaded sample tube, which was then mounted in an apparatus that 
allowed the evacuation of the sample tube and purging with helium gas. To 
eliminate water, the system was heated to 120°C for an hour under dynamic 
vacuum. After cooling, the system was pumped and purged with helium three 
more times. The upper quartz tube was pushed into place under a partial 
pressure of helium (to facilitate temperature equilibration during measurements), 
sandwiching the sample between "solid" quartz, and sealed off. This procedure 
was used to eliminate oxygen contamination, which has an antiferromagnetic 
transition at -50 K. The experimental data were corrected for the diamagnetic 
contribution from the quartz. Measurements on empty quartz tube/rod 
assemblies, with varying gap sizes, indicated that the diamagnetic contribution 
from the quartz was related to the size of the gap. Since the signal versus gap 
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size data could be fit by a line, a correction was employed by measuring the 
length of the gap containing the sample. 
Scanning electron microscopy 
A Cambridge S-200 scanning electron microscope was employed for 
qualitative elemental analysis using a Tracor Northern Micro Z-ll energy 
dispersive spectrometer (EDS) with a beryllium window. Samples were loaded 
onto a metal disk via Scotch double-stick tape and sputter-coated with gold to 
improve their conductance. 
Microprobe analysis 
Elemental analyses were completed by Dr. Alfred Kracher (Department of 
Geological and Atmospheric Sciences) on an ARL SEMQ microprobe. The 
instrument was equipped with wavelength dispersive spectrometers (WDS) and 
operated at 15 kV and 25 nA. Samples were mounted in an epoxy resin, dried, 
and polished to produce a flat surface. Prior to examination, the samples were 
sputtered with carbon to insure conductivity. Peak profiles and backgrounds were 
measured for KAISigOg, PbS, Sn metal, and Mo metal standards. Data were 
analyzed using Probe^® software. 
Electron spin resonance 
X-band electron spin resonance (ESR) spectra were recorded on a powdered 
sample of .71 4^22 ^ Bruker ER200-SRC instrument equipped 
with an Oxford Instruments ESR 900 flow through cryostat and a DTC-2 digital 
temperature controller. A Hewlett-Packard 5342 microwave frequency recorder 
was used to measure the exact frequency of the microwave radiation. Data were 
averaged over five scans and collected at a modulation frequency of 100 kHz and 
a power setting of 3.2 Gpp. The instrument was calibrated against weak 
pitchblende prior to use. 
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Synthesis 
Crystals of the compound 29®"l.7l'^ °l4®22 were first discovered in a 
reaction to prepare the quaternary KgSnglVlo^gOgg, an n=4 oligomer. A pressed 
pellet with the correct stoichiometric ratio of KgMoO^, SnO, MoOg, and Mo for the 
tetramer was loaded into a molybdenum tube, that was subsequently sealed 
under vacuum by electron beam welding. The sample was fired at 1500°C for 94 
hours in a vacuum furnace and cooled to 1200°C over three hours, to 800°C over 
one hour, and finally furnace cooled (to 100°C in approximately one hour). Upon 
opening the tube, many large, black crystals with chunk-like morphology were 
found on the upper molybdenum cap, along with silvery beads of tin metal. The 
upper twenty percent of the tube walls also contained a multitude of crystals, all 
of which had well defined faces. The remains of the pellet were a porous matrix 
of molybdenum metal. The elemental components of the matrix, silvery beads, 
and crystals were verified by SEM EDS. 
Based upon the composition determined through a single crystal structure 
refinement, preparation of single phase 29^"l .71 ^ °14^22 was undertaken. A 
loose powder containing an intimate mixture of KglVloO^, Sn, MoOg, and Mo in 
the proper mole ratio was loaded into a fused silica tube with a one-fold excess of 
K2M0O4. The system was evacuated and heated to 300°C for one hour to 
remove adventitious water. The reaction tube was then sealed and loaded into 
an outer fused silica tube, which was subsequently evacuated before being 
sealed. This outer jacket was used to protect the reaction from oxygen 
contamination. The reaction was fired at 1250°C for nine days. After firing, the 
inner tube was found to be badly devitrified, but the contents looked unaffected, 
and the outer fused silica jacket was intact. The product contained the same 
chunk-like crystals, as described above, embedded in a loose black powder. The 
reaction appeared to be single phase, except for a few needles of molybdenum 
dioxide that were found transported to the tube walls. A Guinier powder pattern 
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of a mixture of bulk powder and crystals indicated the presence of only the n=3 
oligomer. No KglVloO^ was detected visually, or by x-ray powder diffraction. The 
degradation of the fused silica tube indicates that the excess molybdate had 
reacted with the container. Reactions in which a stoichiometric quantity of 
potassium molybdate was used resulted in the formation of the correct oligomer, 
but a significant amount of tin metal also remained. Microprobe analyses 
indicated that the potassium and tin content are be variable. The range of 
composition observed will discussed later with reference to the cation coordination 
environment. 
Large crystals, up to 0.4 mm, of ggPb, g^Mo^^Ogg were first discovered in 
a reaction to prepare KgPblVlo^^Ogg- A pressed pellet with the correct 
stoichiometry for KgPbMo^^Ogg was loaded into a molybdenum tube, evacuated, 
and fired at 400°C for two hours under dynamic vacuum before being sealed by 
electron beam welding. The sample was fired at 1500°C for 93 hours in a 
vacuum furnace and cooled to 700°C at 3°C/min and then furnace cooled (to 
100°C in approximately one hour). The products of this reaction were located in 
the tube as described for gSn^ ylVlo^^Ogg: black, chunk-like crystals deposited 
on the upper molybdenum cap and walls, with beads of lead metal, and the 
remains of the pellet as a matrix of molybdenum metal. The constituents of the 
crystals could not be verified by SEM EDS because molybdenum and lead peaks 
reside at nearly the same energies, however, the identity of the metal beads and 
pellet matrix were ascertained. Single phase material of .66^^1.34^°14^22 
was not prepared. Microprobe analyses on the K-Pb member indicated that 
composition was variable. These results will be discussed with reference to the 
cation coordination. 
Chunk-like crystals of Kg gSrg ^Mo^^Ogg were first discovered in a reaction 
prepared to synthesize KgSrMo^^Ogg. The starting materials included a 
stoichiometric ratio of SrMoO^, KgMoO^, MoOg, and Mo which were fired in an 
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evacuated quartz tube at 1250°C for nine days. The reaction was cooled at 
about 100°C/hour to 800*0 and then quenched to room temperature. The bulk 
product contained clusters of black chunk crystals. Single phase preparation of 
this material was not attempted. 
X-ray Powder Diffraction 
The diffraction patterns of 29^^1.714^22 ^2.6 '^^ 0.4^°14^22 could 
be indexed based on the monoclinic cell parameters determined from the single 
crystal refinements. The observed versus calculated d-spacings are reported in 
Tables 2.1 and 2.2, respectively. The sample of .71 4^22 was highly 
crystalline, with 142 measured and indexed d-spacings. Table 2.1 is only a 
partial listing which includes all observed reflections out to 35° in two theta 
(d=2.6Â) and those reflections with two theta between 35° and 85° (d=1.2Â) 
having intensities considered as strong, medium, or weak. In Table 2.2 the 
d-spacings for Kg gSrg l^Vlo^^Ogg are listed, this material was not single phase, 
therefore impurity reflections, which included Mo and MoOg were excluded. All 
d-spacings were derived from Cu Ka^ radiation. 
X-ray Single Crystal Data Collection 
A black, chunk-like crystal of .71 4(^22 with good faces and 
measuring 0.06 x 0.08 x 0.10 mm^ was mounted with epoxy cement on a glass 
fiber for data collection. A Rigaku AFC6R rotating anode diffractometer was used 
with graphite monochromated Mo Ka radiation (\=0.71069Â) generated at 7 kW. 
Lattice parameters and an orientation matrix for data collection were derived from 
22 randomly located and centered reflections with a two theta range of 12-17°. 
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Table 2.1. X-ray powder diffraction data for .71 4(^22 
d-spacing (Â) Intensity® hkl 
observed calculated*^ 
6.740 6.687 s 110 
6.104 6.057 m 111 
5.206 5.173 vw 111 
4.840 4.824 w 201 
4.673 4.647 w 002 
4.404 4.383 w 112 
4.229 4.216 vw 021 
4.206 4.185 w 120 
4.042 4.027 w T2I 
3.990 3.978 WW 201 
3.736 3.724 w 121 
3.405 3.395 vw 122 
3.359 3.344 & 3.342 m 220 & 003 
3.230 3.215 w 113 
3.140 3.126 w 203 
3.121 3.110 s 311 
3.069 3.057 w 122 
3.043 3.057 m 310 
2.976 2.963 & 2.960 w 213 & 031 
2.960 2.949 s 130 
2.920 2.910 vw 312 
2.899 2.888 w 131 
2.816 2.805 s 113 
2.783 2.774 w 131 
2.770 2.758 w 123 
2.743 2.734 w 311 
2.709 2.713 vw 023 
2.699 2.690 s 321 
2.638 2.629 vw 132 
2.603 2.594 vw 223 _ 
2.567 2.559 & 2.558 w 313 & 322 
2.515 2.506 w 004 
^Intensity: s=strong, m=medium, w=weak, b=broad, and v=very 
^Refined monoclinic cell parameters obtained from single crystal measurements: 
a=9.929(2)A, b=9.294(1)Â, c=10.338(2)Â, and p=104.13(2)° 
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Table 2.1. (continued) 
d-spacing (Â) Intensity® hkl 
observed calculated" 
2.469 2.463 w 132 
2.445 2.436 w â21 
2.429 2.419 w 402 _ 
2.411 2.401 & 2.398 s 214 & 411 
2.401 2.393 s 213 
2.372 2.365 w 312 
2.332 2.323 m 040 
2.318 2.310 w 323 
2.306 2.298 w 133 _ 
2.266 2.259 & 2.258 s 231 & 124 
2.206 2.197 w 314 
2.192 2.186 w 223 
2.062 2.056 w 124 
2.040 2.033 m 324 
2.031 2.026 w 313 _ 
1.946 1.939 s 511 &234 
1.940 1.937 & 1.934 s 431 & 233 
1.900 1.895 m 323 _ 
1.828 1.825 & 1.824 s 150 & 521 
1.815 1.810 w 151 & 522 
1.784 1.778 w 325 _ 
1.700 1.697 & 1.696 s 244 & 441 
1.700 1.695 s 243 _ 
1.640 1.635 & 1.634 w 524 & 335 & 153 
1.579 1.574 m-b SI 5 _ 
1.491 1.489 & 1.488 s 254 & 451 
1.487 s 253 
1.471 1.468 w 532 _ 
1.466 1.461 w â36 & 543 
1.456 1.452 w 117 
1.440 1.436 m 605 
1.437 1.432 m 007 
1.434 1.430 m Ê02 
1.406 1.402 w â61 
1.375 1.373 w 255 
1.359 1.356 m 722 
1.358 1.354 m 117 
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Table 2.2. X-ray powder diffraction data for Kg eSrg 41^0,^4022 
d-spacing (A) Intensity® hkl 
observed calculated'^  
6.661 6.672 s 110 
6.041 6.039 m-b 11_1 
4.175 4.170 w 120 
3.396 3.386 w 122 
3.102 3.104 s 311 
3.030 3.033 m-b 310 
2.942 2.937 s-b 130 
2.815 2.814 w/m 113 
2.685 2.684 s 321 
2.495 2.489 s 123 
2.481 2.485 & 2.479 s 204 & 401 
2.407 2.401 & 2.400 s 213 & 214 
2.397 2.395 s 411 
2.314 2.313 w-b 040 
2.265 2.258 m-b 124 & 304 
2.194 2.194 m 314 __ 
2.188 2.190 & 2.189 m/w 223 & 224 
n 2.185 421 
2.034 2.029 s-b 324 _ 
1.942 1.935 vs 233 & 234 
1.935 1.932 vs 431 
1.902 1.899 m 323 
1.823 1.821 s-b 521 & 143 _ 
1.699 1.693 vs 243, 244, & 116 
1.696 1.691 vs 441 _ 
1.487 1.484 & 1.483 m-b 253, 254, & 451 
1.441 1.442 m-b 154 
1.434 1.436 & 1.433 m-b 007, 602, 605 
^Intensity; s=strong, m=medium, w=weak, b=broad, and v=very 
'^ Refined monoclinic cell parameters: a=9.918(2)Â, b=9.252(2)Â, c=10.354(2)Â, 
and p=103.83(1)° 
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The monoclinic lattice had cell dimensions of a=9.929(3)Â, b=9.286(3)Â, 
c=10.337(3)Â, p=104.14(2)°, and volume=924.2(5)Â®. Three standard reflections 
were measured every 150 reflections and showed no apparent variation in 
intensity during the data collection. A refinement on 25 reflections with strong 
intensity and two theta values near 40° gave an idealized cell with the following 
lattice parameters: a=9.929(2)Â, b=9.294(1)Â, c=10.338(2)Â, p=104.13(2)°, and 
volume=925.1(3)Â®. Data were collected at room temperature from 0 to 50° In 
two theta in the hemisphere (h,±k,±l), using an to-20 scan mode. The number of 
reflections measured was 3417, of which 2066 were observed and 1015 were 
unique with l>3a(l). The linear absorption coefficient for Mo Ka was 
115.170 cm"\ An empirical absorption correction®® was applied based upon one 
azimuthal scan of a reflection with an average transmission range of 0.763-1.000. 
The intensity data were corrected for Lorentz and polarization effects. 
A large, black crystal of K^.66''''i.34'^ °i4^22 measuring 0.15 x 0.20 x 
0.28 mm® was mounted on a glass fiber. A Rigaku AFC6R rotating anode 
diffractometer was used with graphite monochromated Mo Ka radiation 
(X=0.71069Â) generated at 7 kW. Lattice parameters and an orientation matrix 
for data collection were derived from 14 randomly located and centered 
reflections with a two theta range of 13-16°. The monoclinic lattice had cell 
dimensions of a=9.928(3)A, b=9.285(3)Â, c=10.359(3)Â, p=103.79(2)°, and 
volume=927.4(5)Â®. Three standard reflections were measured every 150 
reflections and showed no apparent variation in intensity during the data 
collection. A refinement on 25 reflections with strong intensity and two theta 
values ranging from 39 to 41 ° gave an idealized cell with the following lattice 
parameters: a=9.917(1)Â, b=9.276(1)Â, c=10.3560(9)Â, (3=103.827(7)°, and 
volume=925.1(2)Â®. Data were collected at room temperature from 0 to 55° in 
two theta in the octants (h,k,±l), using an m-28 scan mode. The number of 
reflections measured was 2403, of which 2009 were observed and 1830 were 
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unique with l>3a(l). The linear absorption coefficient for Mo Ka was 229.19 cm"\ 
A spherical absorption correction^® was applied based upon an average radius of 
0.1 mm and three azimuthal scans of reflections with an average transmission 
range of 0.563-1.000. The intensity data were corrected for Lorentz and 
polarization effects. 
A small, black crystal of Kg gSrg l^Vlo^^Ogg measuring 0.03 x 0.04 x 
0.05 mm® was mounted on a glass fiber. A Rigaku AFC6R rotating anode 
diffractometer was used with graphite monochromated Mo Ka radiation 
(X=0.71069Â) generated at 7 kW. Lattice parameters and an orientation matrix 
for data collection were derived from 25 randomly located and centered 
reflections with a two theta range of 13-29°. The monoclinic lattice had cell 
dimensions of a=9.917(2)Â, b=9.253(2)Â, c=10.355(2)Â, p=103.83(2)°, and 
volume=922.7(3)Â®. Three standard reflections were measured every 150 
reflections and showed no apparent variation in intensity during the data 
collection. The final idealized cell gave the following lattice parameters: 
a=9.918(2)Â, b=9.252(2)À, c=10.354(2)Â, p=103.83(1)°, and volume=925.5(3)Â®. 
Data were collected at room temperature from 0 to 50° in two theta in the octants 
(h,k,±l), using an ©-20 scan mode. The number of reflections measured was 
1839, of which 623 were obsen/ed and unique with l>3a(l). The intensity data 
were corrected for Lorentz and polarization effects. 
Structure Solution and Refinement 
The space group P2^/a (#14) was chosen for .71 4(^22' based 
upon the systematic absences of hOI: h?62n and OkO; k942n, with no violations. 
The structure was solved by direct methods using SHELXS®^ (R=0.037) and 
refined on I F| by full matrix least squares techniques®® with the TEXSAN®® 
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package. Based upon lattice parameters and systematic absences, tlie 
molybdenum oxide framework was presumed to be isostructural to KglVlo^^022/ 
Tiierefore, atomic positions for the molybdenum and oxygen atoms were entered 
based upon the Kgh/lo^^022 member. These parameters converged at R=24%. 
Two cation positions were located from electron density difference maps, one at 
the origin and one at approximately 0,0,0.35. These two positions were entered 
as K1 and Sn2, respectively. With these atoms included, the refinement 
converged at 17%. All the atomic thermal parameters were refined isotropically. 
Cation occupancies that combined potassium and tin on the origin and only tin on 
the second cation site were refined. All molybdenum atom thermal parameters 
were then refined anisotropically. The refinement converged at R=5.9%. At this 
point, a Fourier difference map revealed two more cation sites, one located near 
the origin (-0.5Â away) and the second about 0.7Â from the cation at the general 
position. Neither peak was accounted for by the thermal parameters of the 
cations already refined. Both peaks were entered, Sn1A and K2A, and 
positionally refined with very low occupancies, to prevent the refinement from 
diverging. After convergence, the origin satellite cation atom and its multiplicity 
were refined solely as tin, due to two short cation-oxygen bond distances that 
could not reasonably be accepted as potassium-oxygen distances. The origin 
and its satellite were determined to be fully occupied and both of their thermal 
parameters were refined anisotropically. The satellite related to Sn2 was refined 
as potassium. Based upon bond valence sums, potassium or tin could occupy 
the satellite position, but microprobe analyses indicated that no more tin should 
be present, therefore potassium was chosen to reside in this site. This second 
cation and its satellite also refined to full occupancy. In this case the thermal 
parameter of the major site, Sn2, was refined anisotropically, however, the 
corresponding thermal parameters for the potassium satellite would only refine 
isotropically. This thermal behavior was most likely due to the proximity of large 
electron density from the majority site, Sn2. The thermal parameters for the 
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oxygen atoms that could be refined anisotropically, without going negative, were 
varied. A secondary extinction correction was applied and refined to 3.1(2)x10'^ , 
the residual decreased to R=2.45%. 
The final occupancy for the potassium at the origin was determined to be 
59(1)%. The satellite tin atom, Sn1A, had an occupancy of 41(1)%. Thus, an 
atom always resides on or near the origin. Sn2 was refined with an occupancy of 
64.8(6)% with the satellite, K2A, at 35.2(6)% occupancy. Again, this site was 
also determined to be fully occupied. This cation assessment results in the 
following formulation, K.; 29(1 .71 (1 )^°14^22' 9°°'^  agreement with 
microprobe analyses, which will be discussed after the analysis of the cation 
coordination environment. The final refinement converged at R=0.0245 and 
R^=0.0299 with all seven molybdenums, nine of the eleven oxygens, and three of 
the four unique cations having their thermal parameters refined anisotropically. A 
final Fourier electron difference map indicated that the largest peak of 1.07 e/Â® 
was located 1.4Â from Mo4 and the smallest peak of -1.09 e/Â® was located 2.3Â 
from Mo6. 
Details of the data collection and refinement for .29^"l .71 ^ °14^22 
given in Table 2.3. Final positional parameters and isotropic temperature 
parameters are given in Table 2.4. Anisotropic temperature factors are listed in 
Table 2.5. Selected metal-metal and metal-oxygen interatomic distances are 
given in Table 2.6. Selected bond angles are found in Table 2.7. 
The space group P2^/a (#14) was also chosen for ,66^^1.34^°14^22 
based upon the systematic absences of hOI: h^2n and OkO: k;62n. However, there 
were fifteen violations of the former condition and one violation of the latter. 
Some, although not all, of the violations could be interpreted as shoulders to very 
large neighboring peaks. The data were processed in three space groups: P2^, 
Pa, and P2ya; and the predicted refinement based on SHELXS^^ direct methods 
was 0.022, 0.027, and 0.032, respectively. The structure was subsequently 
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Table 2.3. X-ray crystallographic data for .29^"i .714(^22 
formula Ki.29Sni 71MO14OJ 
formula weight 1948.54 
crystal system monoclinic 
space group P2/a (#14) 
a, Â 9.929(2) 
b, Â 9.294(1) 
c, Â 10.338(2) 
P, degrees 104.13(2) 
volume, Â® 925.1(3) 
Z 2 
calculated density, g/cm® 6.975 
FOOD 1666 
crystal size, mm® 0.06 X 0.08 X 0.10 
|i,(Mo Ka), cm"^ 115.170 
diffractometer Rigaku AFC6R 
X, A, graphite monochromator 0.709580 
temperature, "C 24 
two theta range, degrees 0-50 
scan mode (0-20 
No. reflections collected 3471 
No. observations (l>3a(l)), (unique) 2066 (1015) 
No. variables 182 
goodness of fit® 0.925 
max. shift in final cycle 0.099 
largest peaks in final diff. map, e/Â® +1.07, -1.09 
transmission coefficient 0.827-1.000 
r". RW° 0.0245, 0.0299 
duality of fit = [ Eoill Fj -I Fj lVlN,^.N )'« 
"R^aiF j^Fj l /aFj  
= [ Ed Fj -I Fj )2/E(ÛI FJ ûj=1/a2il FJ } 
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Table 2.4, Atomic coordinates for 29^"i.7i'^ °i4®22 
Atom® X Y Z 
K1° 0.0 0.0 0.0 3,(1) 
SnlA^ 0.036(2) 0,990(3) 0.039(2) 3.0(5) 
Sn2^ 0.0449(1) 0,0281(1) 0,3528(1) 1.30(5) 
K2A(' 0,0633(9) 0.005(1) 0,2994(9) 1.6(2) 
Mol 0.11946(8) 0.3850(1) 0.13931(8) 0.40(3) 
Mo2 0.91251(8) 0.3799(1) 0.28156(9) 0.61(3) 
Mo3 0.22609(9) 0,6317(1) 0.2828(1) 0.73(4) 
Mo4 0.84360(9) 0.3717(1) 0.0004(1) 0,92(4) 
Mo5 0.19152(9) 0.3842(1) 0.41321(8) 0.42(3) 
Mo6 0.05033(8) 0.3819(1) 0.86318(8) 0.46(3) 
Mo7 0.9750(1) 0.3783(1) 0,5831(1) 0.85(4) 
01 0.1733(7) 0.2576(8) 0,0033(7) 0.7(3) 
02 0.4004(7) 0,7579(8) 0,2844(6) 0.6(3) 
03 0.1839(7) 0,7544(8) 0,4295(6) 0.8(3) 
04 0,8486(7) 0,4994(9) 0.4286(7) 1.1(1) 
05 0.7794(7) 0.4926(8) 0.1398(6) 0.9(3) 
06 0.2889(7) 0.5105(8) 0.1441(6) 0.9(1) 
07 0.1079(8) 0.7600(8) 0.1425(7) 1.0(3) 
08 0,3553(6) 0.5066(7) 0.4255(7) 0.6(2) 
09 0.0309(7) 0.2564(8) 0.4299(7) 0,8(3) 
010 0.2432(7) 0,2555(7) 0,2879(6) 0.8(3) 
on 0,9620(8) 0.2432(8) 0,1462(7) 1,0(3) 
®AI1 atoms reside on the Wyckoff position 4e, except K1, whicli resides on 2a 
^he equivalent isotropic temperature factor, is defined as Stc^/S 
{EjEj(Ujja^a^îfj- j^)}, where the summations of i and j range from 1 to 3 
®Sn1A is a satellite of K1, with occupancies of 41(1)% and 59(1)%, respectively 
^Sn2 has an occupancy of 64.8(6)% with a satellite labelled K2A that has an 
occupancy of 35.2(6)% 
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Table 2.5. Anisotropic temperature factors® (Â^x10®) for .71 4^22^ 
Atom Ui1 U22 ^33 U12 Ui3 ^23 
K1 60.(3) 40.(1) 10.(1) -30.(2) -10.(1) 10.(1) , 
SnIA 35.(6) 26.(5) 50.(1) -3.(4) -2.(8) -3.(8) 
Sn2 11.4(6) 15.8(7) 21.7(8) 0.3(5) 3.3(6) -2.1(6) 
K2A 20.(2) 
Mo1 6.2(4) 4.9(5) 4.2(4) -1.4(4) 1.5(3) -0.8(4) 
Mo2 5.4(4) 5.3(5) 12.6(5) 0.3(4) 2.6(4) 0.9(4) 
Mo3 5.6(4) 4.9(5) 15.4(5) 0.5(4) -1.3(4) -3.5(4) 
Mo4 5.7(5) 5.6(5) 24.6(5) 0.5(4) 5.6(4) 3.0(4) 
Mo5 5.7(4) 5.5(5) 4.9(4) 0.0(4) 1.3(3) -0.4(4) 
MoS 5.5(4) 7.4(5) 4.2(4) -1.3(4) 0.8(3) -0.7(4) 
Mo7 5.4(4) 7.4(5) 17.9(5) 0.9(4) -0.6(4) -6.4(4) 
01 5.(4) 10.(4) 10.(3) -3.(3) 1.(3) -4.(3) 
02 5.(4) 13.(4) 2.(3) 0.(3) -0.(3) -1.(3) 
03 14.(4) 9.(4) 7.(4) -3.(3) 4.(3) 2.(3) 
04 14.(2) 
05 14.(4) 11.(4) 12.(4) -6.(3) 6.(3) 4.(3) 
06 11.(2) 
07 15.(4) 11.(4) 10.(4) -5.(3) 4.(3) -2.(3) 
08 8.(3) 5.(4) 11.(3) -1.(3) 3.(3) -4.(3) 
09 7.(4) 10.(4) 12.(4) -2.(3) 1.(3) -0.(3) 
010 10.(4) 6.(4) 14.(4) 1.(3) 4.(3) -0.(3) 
011 13.(4) 17.(4) 9.(3) -3.(3) 3.(3) -1.(3) 
®Tlie coefficients U- of the anisotropic temperature factor expression are defined 
as exp(-27c^(a*^U^ ^ h^+b*^U22k^+c*^Uggl^ +2a*b*U^ 2hk+2a*c*U^ ghl+2b*c*U23kl)) 
h'he thermal parameters of K2A, 04, and 06 only refined Isotroplcally 
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Table 2.6. Selected interatomic distances (Â) for .29^"i .71 4^22^ 
Mo1-Mo2' 2.804(1) M0I-M03 2.795(1) 
Mo1-Mo4 2.767(1) Mo1-Mo4' 2.755(1) 
Mo1-Mo5 2.746(1) M0I-M06 2.768(1) 
M0I-M06' 2.741(1) Mo2-Mo4 apical^  2.820(1) 
Mo2-Mo5' 2.773(1) Mo2-Mo6 2.747(1) 
Mo2-Mo7 2.736(1) Mo2-Mo7' inter® 3.026(1) 
Mo3-Mo4 apical 2.839(1) Mo3-Mo5 2.730(1) 
M03-M06' 2.794(1) Mo3-Mo7' 2.696(1) 
Mo4-Mo6 2.759(1) Mo4-Mo6' 2.767(1) 
Mo5-Mo7' 2.764(1) Mo5-Mo7' inter 3.091(1) 
Mo6-Mo7 2.808(1) Mo7-Mo7' inter 2.955(2) 
Sn2-K2A^ 0.660(8) Sn2—Sn2'^  inter 3.414(3) 
Sn2-Sn1A^ 3.303(8) K2A-Sn1A^ 2.70(1) 
K2A-K1^ 3.004(9) SnIA-SnIA''' 0.93(2) 
Sn1A-K1^ 0.464(9) M0I-OI 2.009(7) 
M0I-O6 2.036(7) M0I-OIO 2.097(7) 
M0I-OII' 2.058(8) M02-O4 2.101(7) 
Mo2-05 2.011(7) Mo2-09 2.041(7) 
M02-OIO 2.113(7) M02-O11 2.037(7) 
Mo3-02 2.086(7) Mo3-03 2.021(7) 
Mo3-06 2.038(7) Mo3-07 2.017(8) 
Mo3-08 2.061(7) Mo4-01 2.080(7) 
®Atoms with primed numbers are related to those with unprimed numbers by the 
inversion center. 
^Apical-apical Mo-Mo bond distances 
'^ Intercluster Mo-Mo bond distances 
^Partially occupied positions 
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Table 2.6. (continued) 
Mo4-05 2.048(7) Mo4-06 2.050(7) 
Mo4-07 2.064(7) Mo4-011 2.053(8) 
Mo5-03' 2.156(7) Mo5-04' 2.080(7) 
Mo5-08 1.963(7) Mo5-09' 2.029(8) 
M05-010 1.925(7) M06-OI 2.015(7) 
M06-O2 2.064(7) M06-O5 2.060(7) 
M06-O7' 2.041(7) M07-O2 1.959(7) 
Mo7'-03' 1.981(7) Mo7-04 2.102(7) 
Mo7-04' 2.115(7) Mo7-09' 2.129(7) 
Sn1A-01 2.887(9) SnlA-OI' 3.069(9) 
Sn1A-05 2.38(1) Sn1A-05' 3.23(1) 
Sn1A-06 2.972(9) Sn1A-06' 2.811(9) 
Sn1A-07 2.42(1) Sn1A-07' 3.10(1) 
SnlA-011 2.82(1) Sn1A-Oir 2.85(1) 
K1-01 (x2) 2.943(7) Kl-05 (x2) 2.798(7) 
K1-06 (x2) 2.855(6) Kl-07 (x2) 2.743(8) 
K1-011 (x2) 2.795(7) Sn2-02 3.020(7) 
Sn2-03 2.910(7) Sn2-04 2.936(7) 
Sn2-06 2.927(7) Sn2-08 2.215(6) 
Sn2-08' 2.272(7) Sn2-09 2.283(7) 
Sn2-010 3.072(7) Sn2-011 2.895(8) 
K2A-02 2.91(1) K2A-03 2.80(1) 
K2A-04 2.82(1) K2A-05 3.01(1) 
K2A-06 2.81(1) K2A-07 2.89(1) 
K2A-08 2.70(1) K2A-08' 2.76(1) 
K2A-09 2.76(1) K2A-010 2.95(1) 
K2A-011 2.77(1) 
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Table 2.7. Selected bond angles (degrees) for ,29^"l .71 4^22^ 
Mo2'-Mo1 -Mo3 88.09(4) Mo4-Mo1-Mo4' 90.37(4) 
Mo5-Mo1 -Mo6 178.93(5) Mo5-Mo1-Mo6' 90.96(4) 
M06-M0I-M06' 90.10(4) Mo5-Mo1-06 88.3(2) 
M05-M0I-OII' 88.4(2) Mo6-Mo1-Oir 91.7(2) 
O6-M0l-Oir 174.1(3) M0I '-Mo2-Mo7 89.68(4) 
Mo4-Mo2-Mo7' 177.18(4) Mo5'-Mo2-Mo6 90.28(4) 
Mo4-Mo2-010 91.2(2) O4-M02-O11 173.0(3) 
05-M02-09 174.3(3) O5-M02-OII 92.9(3) 
M0I -Mo3-Mo7' 90.70(4) Mo5-Mo3-Mo6' 90.19(4) 
Mo4-Mo3-02 90.4(2) 03-Mo3-06 174.4(3) 
06-M03-07 92.6(3) 07-Mo3-08 177.2(3) 
Mo1-Mo4-Mo1' 89.63(4) Mo2-Mo4-Mo3 179.10(5) 
Mo6-Mo4-Mo6' 89.73(4) Mo2-Mo4-01 89.7(2) 
Mo3-Mo4-01 90.8(2) 05-Mo4-07 175.0(3) 
05-M04-011 91.4(3) 06-Mo4-07 90.9(3) 
O6-M04-O11 175.2(3) Mo1-Mo5-Mo7' 90.31(4) 
Mo2'-Mo5-Mo3 90.04(4) Mo1-Mo5-08 93.9(2) 
Mo1-Mo5-09' 94.4(2) O8-M05-O9' 171.7(3) 
M0I-M06-M0I' 89.90(4) M0I '-M06-M07 89.51(4) 
M0I -Mo6-Mo7 178.94(4) Mo2-Mo6-Mo3' 89.26(4) 
M0I-M06-O5 90.7(2) M0I-M06-O7' 91.8(2) 
O5-M06-O7' 173.7(3) Mo2-Mo7-Mo3' 91.53(4) 
Mo2'-Mo7-Mo6 176.38(4) Mo5'-Mo7-Mo6 89.20(4) 
Mo6-Mo7-03' 94.7(2) Mo6-Mo7-04 92.1(2) 
03'-Mo7-04 170.9(3) M0I-OI-M06 86.9(3) 
K1 -01 -Mo4 90.3(2) Sn1A-01-Mo4 84.4(3) 
Mo6-02-Mo7 88.5(3) Sn2-02-Mo3 81.6(2) 
K2A-02-M03 88.8(3) Mo5-04-Mo7' 94.9(3) 
Mo1-010-Mo5 86.0(3) Sn2-010-Mo2 98.9(3) 
K2A-010-M02 91.5(3) K2A-Sn1A-K1 127.4(9) 
Sn2-K2A-Sn1A 153.(1) 
®Atoms with primed numbers are related to those with unprimed numbers by the 
inversion center. 
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solved in P2^ and P2^/a. The refinement in P2^ converged at R=5.58% and 
R^=7.49%, however, only the thermal parameters of the heavy atoms would 
refine isotropically and the oxygen atom thermal parameters could not be varied. 
This solution was not data limited (13:1 data to parameter ratio) even though all 
atoms become unique in P2^. The general structural features were essentially 
identical to the refinement in P2^/a, with only small distortions. The violations 
observed for P2^/a would seem to imply that the cluster is distorting slightly, but 
not enough to give adequate intensity information to solve the structure in P2^. 
The structure was therefore solved in P2^/a by direct methods using 
SHELXS®^ (R=0.032) and refined on I FI by full matrix least squares 
techniques^® with the TEXSAN^® package. The lattice parameters and 
systematic absences indicated that this phase should be isostructural to 
KglVlo^^Ogg/ Therefore, atomic positions for the molybdenum and oxygen atoms 
were entered based upon the KglVlo^^Ogg member. A refinement on these 
positional parameters converged at 31%. The two major cation positions were 
then easily located from a Fourier difference map. With these two cation 
positions refined and their occupancy varied with a combination of potassium and 
lead, the R factor was 13%. Appropriate isotropic and anisotropic thermal 
parameters were varied and converged at R=7.9% and R^=10%, although only 
the cation and three molybdenum thermal parameters would refine anisotropically. 
The significant absorption of this phase, due in large part to the lead content, and 
the high R factor implied that an appropriate absorption correction was not being 
applied. When a secondary empirical DIFABS^® correction (0.829-1.087) was 
subsequently applied to the isotropically refined data, the refinement converged at 
R=5.49% and R^=8.12%. Thermal parameters on all the atoms were unusually 
small. The final formulation was Kg yg^^^Pb^ .52(4)^°14^22' 
Because this solution was not very satisfactory, the structure was resolved by 
a second approach using the same data. In this case, the data were corrected 
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for absorption by an alternate route. A spherical absorption correction, in tandem 
with the azimuthai scans, was applied.'^ ® In this case, all the heavy atoms and 
two oxygen atom thermal parameters could be refined anisotropically and the 
remaining nine oxygen atom temperature factors were treated isotropically. 
Unlike the 29®714^22' compound had only the two unique cation 
positions, similar to that of KgMo^^Ogg. Because microprobe analyses indicated 
full cation occupancy, potassium and lead were allowed to refine on both sites, 
with the only restriction being full occupancy. This refinement converged at 
R=7.91% and R^=6.43%. Again the DIFABS'^ ® correction (0.876-1.136) was 
applied was applied after isotropic refinement. Cation occupancies and thermal 
parameters were allowed to vary. This set of conditions converged at R=6.00% 
and R^=4.81% with the origin fully occupied (76.0(6)% K and 24.0(6)% Pb) and 
the second cation position 45.0(8)% K and 55.0(8)% Pb. The final formulation for 
this compound was 66(1)^^1 34(1 )^°14^22* final electron difference map 
indicated that the largest peak of +4.53e/Â^ was located 1.63Â from Pb2 and 
2.09Â from 08 (the region of inter-cluster bonding) and the smallest peak of 
-4.11e/Â^ was located 0.80Â from Pb2. 
Details of the data collection and refinement for 66^^1.34^°14^22 
given in Table 2.8. Final positional and isotropic temperature parameters are 
found in Table 2.9. Anisotropic temperature factors are listed in Table 2.10. 
Selected metal-metal and metal-oxygen bond distances are given in Table 2.11. 
Selected bond angles can be found in Table 2.12. 
The space P2^/a (#14) also was chosen for Kg e^rp 41^0^4032 based upon 
the systematic absences of hOI: h;t2n and OkO: k9t2n. There were no violations of 
these two conditions. Unfortunately, the data collected was quite limited, with 
only 600 unique reflections observed. The small crystal size might reasonable be 
the problem for the limited data. This phase was presumed to be isostructural to 
the other known n=3 oligomeric members, thus approximate atomic positions 
68 
Table 2.8. X-ray crystallographic data for .66^^1.34^°14^22 
formula 
.66*^^1.34'^ °14^: 
formula weight 2037.70 
crystal system monoclinic 
space group P2/a (#14) 
a, Â 9.917(1) 
b, À 9.276(1) 
c, A 10.3560(9) 
p, degrees 103.827(7) 
volume, Â® 925.1(2) 
Z 2 
calculated density, g/cm^ 7.313 
FOOO 1692 
crystal size, mm® 0.15 X 0.20 X 0.28 
i^(Mo Ka), cm'^  229.190 
diffractometer Rigaku AFC6R 
?i, A, graphite monochromator 0.709580 
temperature, °C 24 
two theta range, degrees 0-55 
scan mode (Û-29 
No. reflections collected 2403 
No. observations (l>3a(l)), (unique) 2009 (1830) 
No. variables 135 
goodness of fit® 5.414 
max. shift in final cycle 0.010 
largest peaks in final diff. map, e/A® +4.53, -4.11 
transmission coefficient 0.563-1.000 
Rw° 0.0600, 0.0481 
^Quality of fit = ( Eml fJ -I Fj ) l'« 
"fi-aiFj-lFjl/rlFJ 
""Rw = [ Fj -I Fj )%0]| Fj 2]1/2. C0=1/cy2| Fj ) 
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Table 2.9. Atomic coordinates for Ki.66^ i^.34^°i4^22 
Atom® X Y Z 
K1/Pb1® 0.0 0.0 0.0 2.0(2) 
K2/Pb2<^ 0.0552(2) 0.0099(2) 0.3349(1) 1.50(6) 
Mo1 0.1213(2) 0.3876(2) 0.1391(2) 0.31(5) 
Mo2 0.9108(2) 0.3763(2) 0.2735(2) 0.40(6) 
Mo3 0.2261(2) 0.6305(2) 0.2888(1) 0.38(6) 
Mo4 0.8466(2) 0.3706(2) 0.0116(2) 0.40(6) 
Mo5 0.1892(2) 0.3837(2) 0.4123(1) 0.33(6) 
Mo6 0.0483(2) 0.3794(2) 0.8601(1) 0.32(6) 
Mo7 0.9774(2) 0.3841(2) 0.5818(2) 0.47(6) 
01 0.174(1) 0.245(1) 0.003(1) 0.3(2) 
02 0.402(1) 0.755(1) 0.287(1) 0.5(2) 
03 0.185(1) 0.744(1) 0.428(1) 0.4(2) 
04 0.845(1) 0.495(1) 0.423(1) 0.3(2) 
OS 0.776(1) 0.499(1) 0.139(1) 0.5(2) 
06 0.287(1) 0.519(1) 0.146(1) 0.5(2) 
07 0.113(1) 0.743(1) 0.143(1) 0.4(2) 
08 0.349(1) 0.507(2) 0.424(1) 0.6(2) 
09 0.029(2) 0.260(1) 0.431(1) 0.8(2) 
010 0.257(2) 0.243(2) 0.285(1) 0.9(5) 
011 0.970(2) 0.236(1) 0.147(1) 0.7(5) 
®AII atoms reside on the Wyckoff position 4e, except K1/Pb1 which resides on 2a 
''The equivalent isotropic temperature factor, B , is defined as 8nf/3 
(EjEj(Ujja'ja*j^ j-?fj)), where the summations of i and j range from 1 to 3 
°K1 and Pb1 have occupancies of 76.0(6)% and 24.0(6)%, respectively 
^K2 and Pb2 have occupancies of 45.0(8)% and 55.0(8)%, respectively 
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Table 2.10. Anisotropic temperature factors® (Â^x10®) for gg iPbi34Mo 14^22"^ 
Atom Ui1 U22 ^33 U12 Ui3 ^23 
Pb1/K1 38.(3) 23.(2) 19.(2) -6.(3) 14.(2) -5.(2) 
Pb2/K2 14.2(8) 18.3(7) 21.8(8) -1.1(6) -1.0(5) 2.4(6) 
Mo1 2.8(8) 4.3(7) 3.7(7) 0.4(7) -0.9(6) -0.0(6) 
Mo2 4.9(9) 4.6(8) 5.5(7) 0.1(7) 0.6(6) -0.0(6) 
Mo3 3.8(9) 4.4(8) 5.5(7) -0.6(7) -0.5(6) -0.5(6) 
Mo4 3.2(9) 5.2(8) 6.2(7) -0.1(7) 0.1(6) -0.1(6) 
Mo5 4.1(9) 4.4(7) 3.4(7) 0.4(7) 0.1(6) -0.1(6) 
Mo6 2.7(9) 4.3(7) 4.3(7) 0.1(7) -0.8(6) -0.2(6) 










010 9.(8) 16.(7) 6.(6) -10.(6) -1.(5) -3.(6) 
Oil 14.(8) 9.(7) 2.(6) 5.(6) -0.(5) -1.(5) 
®The coefficients U» of the anisotropic temperature factor expression are defined 
as exp(-2nf(a*^U^ ^ h^+b*^U22k^+c*^Uggr+2a*b*U^ g^ '^^ +^a'c'U^ 3hl+2bVUggkl)) 
^he thermal parameters of K1 and K2 were fixed to the anisotropic values of 
Pb1 and Pb2, respectively. The thermal parameters of oxygens 01 to 09 were 
only refined isotropically. 
71 
Table 2.11. Selected bond distances (Â) for .66^^1.34^°14^22^ 
M01-M02' 2.774(2) M0I-M03 2.792(2) 
M01-M04 2.794(2) Mo1-Mo4' 2.734(2) 
Mol-MoS 2.748(2) M0I-M06 2.806(2) 
M0I-M06' 2.740(2) Mo2-Mo4 apical^  2.634(2) 
Mo2-Mo5' 2.793(2) Mo2-Mo6 2.735(2) 
Mo2-Mo7 2.761(2) Mo2-Mo7' inter® 3.103(2) 
Mo3-Mo4 apical 3.021(2) Mo3-Mo5 2.689(2) 
Mo3-Mo6' 2.790(3) Mo3-Mo7' 2.680(2) 
Mo4-Mo6 2.750(2) Mo4-Mo6' 2.823(2) 
Mo5-Mo7' 2.725(2) Mo5-Mo7' inter 3.042(2) 
Mo6-Mo7 2.800(2) Mo7-Mo7' inter 2.838(4) 
Pbl •••Pb2'' 3.380(1) Pb2—Pb2'^  inter 3.836(3) 
M0I-OI 2.03(1) M0I-O6 2.03(1) 
M0I-OIO 2.08(1) Mol-Oir 2.07(1) 
Mo2-04 2.13(1) M02-O5 2.03(1) 
Mo2-09 2.07(1) M02-OIO 2.10(1) 
M02-O11 2.03(1) Mo3-02 2.10(1) 
Mo3-03 1.97(1) M03-O6 2.01(1) 
Mo3-07 2.03(1) Mo3-08 1.99(1) 
Mo4-O1 2.05(1) Mo4-05 2.02(1) 
Mo4-06 2.10(1) Mo4-07 2.11(1) 
Mo4-O11 2.05(1) M05-O3' 2.17(1) 
Mo5-04' 2.14(1) M05-O8 1.93(1) 
®Atoms with primed numbers are related to those with unprimed numbers by the 
inversion center. 
^Apical-apical Mo-Mo bond distances 
^Intercluster Mo-Mo bond distances 
*^Pb1 and K1 both reside at the origin 
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Table 2.11. (continued) 
M05-O9' 2.01(1) M05-OIO 1.93(1) 
M06-OI 2.05(1) M06-O2 2.07(1) 
M06-O5 2.07(1) M06-07' 2.04(1) 
Mo7-02 1.98(1) Mo7'-03' 2.05(1) 
Mo7-04 2.10(1) Mo7-04' 2.11(1) 
M07-O9' 2.10(1) Pb1-01 (x2) 2.93(1) 
Pb1-05 (x2) 2.77(1) Pb1-06 (x2) 2.88(1) 
Pb1-07 (x2) 2.78(1) Pbl-011 (x2) 2.72(1) 
Pb2-02 2.86(1) Pb2-03 2.75(1) 
Pb2-04 2.80(1) Pb2-06 2.91(1) 
Pb2-07 3.21(1) Pb2-08 2.45(1) 
Pb2-08' 2.44(1) Pb2-09 2.56(1) 
Pb2-010 3.08(2) Pb2-011 2.85(1) 
were initially refined based on the KglVlo^^022 member.^ The limited data would 
only allow the positional parameters for all the atoms and the occupancy of the 
cations to be varied. This set of conditions converged at approximately 23%, 
therefore, no detailed crystallographic information will be given. However, 
throughout the discussion of the other trimeric members, brief comments on 
Kg eSrg 4M014O22 might be included. Perhaps, the poor refinement might also be 
a consequence of poor crystal quality due to intergrowth of other oligomeric 
members. 
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Tabla 2.12. Selected bond angles (degrees) for .34^°14(^22^ 
Mo2'-Mo1-Mo3 88.65(7) Mo4-Mo1-Mo4' 90.57(7) 
Mo5-Mo1-Mo6 177.59(9) Mo5-Mo1-Mo6' 90.39(7) 
M06-M0I-M06' 90.95(7) Mo5-Mo1-06 88.6(3) 
M05-M0I-OII' 87.2(3) Mo6-Mo1-Oir 94.9(4) 
06-Mo1-Oir 172.8(5) M0I '-Mo2-Mo7 89.41(7) 
Mo4-Mo2-Mo7' 178.33(9) Mo5'-Mo2-Mo6 89.56(7) 
Mo4-Mo2-O10 92.6(3) O4-M02-O11 171.3(5) 
05-Mo2-09 170.9(5) O5-M02-OII 99.3(5) 
M0I -Mo3-Mo7' 90.70(7) Mo5-Mo3-Mo6' 90.54(7) 
Mo4-Mo3-02 89.3(3) 03-Mo3-06 173.1(6) 
06-M03-07 87.6(5) 07-Mo3-08 175.5(5) 
Mo1-Mo4-Mor 89.43(7) Mo2-Mo4-Mo3 179.03(9) 
Mo6-Mo4-Mo6' 90.38(7) Mo2-Mo4-O1 92.8(3) 
Mo3-Mo4-01 87.9(3) 05-Mo4-07 170.3(5) 
05-Mo4-011 99.0(5) 06-M04-07 83.3(5) 
O6-M04-O11 171.3(5) Mo1-Mo5-Mo7' 90.70(7) 
Mo2'-Mo5-Mo3 90.35(7) Mo1-Mo5-08 93.1(4) 
Mo1-Mo5-09' 95.9(4) 08-Mo5-09' 170.9(5) 
M0I-M06-M0I' 89.05(7) Mo1'-Mo6-Mo7 89.30(7) 
Mo1-l\/Io6-Mo7 177.54(9) Mo2-Mo6-Mo3' 89.46(7) 
M0I-M06-O5 88.3(3) M0I-M06-O7' 92.4(4) 
05-Mo6-07' 174.4(5) Mo2-Mo7-Mo3' 91.24(7) 
Mo2'-Mo7-Mo6 176.90(9) Mo5*-Mo7-Mo6 89.62(7) 
Mo6-Mo7-03' 92.5(3) Mo6-Mo7-04 91.5(3) 
03'-Mo7-04 171.8(5) M0I-OI-M06 87.0(5) 
Pb1-01-Mo4 91.3(4) Mo6-02-Mo7 87.5(5) 
Pb2-02-Mo3 86.3(4) Mo5-04-Mo7' 91.9(5) 
M0I-OIO-M05 86.4(5) Pb2-010-Mo2 95.1(5) 
^Atoms with primed numbers are related to those with unprimed numbers by the 
inversion center. 
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RESULTS AND DISCUSSION 
Description of Structure 
Ki ggSni 71MO14O22 and .34(^014^22 have a molybdenum-oxygen 
framework built up from clusters consisting of three trans edge-shared 
molybdenum octahedra. All exterior edges of the trimeric cluster are bridged by 
oxygen atoms and all apical molybdenums are also capped by oxygen atoms. 
Figures 2.1 and 2.2 are ORTEP^° representations of the basic building block, the 
Mo^40g4 cluster, found in the K-Sn and K-Pb members, respectively. The 
number of electrons formally available for metal-metal bonding is 44.7e' in 
K.J 2gSn^ 71 4^22 and 44.3e for K-j ggPb^ 34^^14^22* 9^ven , Sn , Pb , 
O^", and six electrons per molybdenum. These electron counts are intermediate 
members to the two previously reported n=3 oligomers: Simon's 
'^l.6^"l.2'^ °14^22^° (45.6e") and Chen's KglVlo^^Ogg^ (43.0e"). The variability in 
electron count can be observed via changes in the apical-apical and intercluster 
molybdenum bond distances, as summarized in Table 2.13. 
From Table 2.13 a few generalizations can be extracted. When only 43e" 
are available for metal-metal bonding, as with KglVlo^4022, the clusters are 
interconnected primarily by metal-oxygen bonding; also two strong apical-apical 
Mo-Mo interactions are observed. When the system accepts up to approximately 
one more electron, it appears to be utilized in orbitals for intercluster metal-metal 
bonding, as exhibited in ggPb^ When the system contains greater 
than 44.5 and less than 46e", as calculated for gSn^ 7'^ °14^22 
Til gSn^ 2'^ °14^22' electrons might be entering nonbonding, or more likely, 
antibonding orbitals since the apical-apical bond order sums total 1.35e" for the K-
Sn member versus 2.28e' for the K-Pb member. The intercluster bonding is also 
Figure 2.1. An ORTEP representation (70% thermal ellipsoids) of the Mo^^Og^ cluster observed in 
Ki ggSni 7iMoi4022- Note the four nearly equivalent apical-apical bond distances. 
Figure 2.2. An ORTEP representation (70% thermal ellipsoids) of the Mo^^Og^ cluster observed in 
ggPbi g^Mo^^Ogg. Note the short-long an-angement of apical-apical bond distances. 
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Table 2.13. Bond distance-electron counting relationships in l\/I^Mo^^022 





43.4 45.4 45.6 









44.1(3) 44.(1) 44.3 





45.0(4) 42.(1) 43.0 
^Apical-apical Mo-Mo bond distances 
"^Intercluster Mo-Mo bond distances 
^Number of electrons available for Mo-Mo bonding within the cluster unit, based 
upon Pauling's bond order equation^ 
^Number of electrons available for Mo-Mo bonding within the cluster unit, based 
upon an empirical bond valence equation'*® 
®Formal number of electrons available for Mo-Mo bonding, based upon six 
electrons from each Mo and the following oxidation states: Tl^ '*', Sn^"^, Pbf+, 
Si^ +, K+, and O^" 
'Refinement on a data limited structure, R~23%: P2^/a, a=9.918(2)Â, 
b=9.252(2)Â, c=10.354(2)Â, and p=103.83(1)° 
drastically weakened in the K-Sn member. If a material with at least 46e" 
available for metal-metal bonding could be synthesized, the electrons would most 
certainly enter anti-bonding orbitals. 
The angular relationships of the waist molybdenum atoms in the octahedra 
are quite regular for yiMo^^022 and .66P^1.34'^ °14^22' The interior 
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bond angles in the basal planes average 90.0±0.6° for the former and 90.1 ±0.7° 
for the latter. Bond angles along the basal edges are nearly linear for the K-Sn 
and K-Pb members at 178.93(5)° and 177.59(9)° for Mo5-Mo1-Mo6 and 
178.94(4)° and 177.54(9)° for Mol -Mo6-Mo7, respectively. The trans edge-
shared molybdenum bond distances, perpendicular to the chain direction, are 
nearly identical (2.764(1 )A for Mo5-Mo7 and 2.768(1 )A for M0I-M06'), supporting 
the view of a condensation along trans edges of three nearly regular octahedra 
for K^ .gSn^ ylVlo^^Ogg. This arrangement is also seen in the .34^°14^22 
member (2.725(2)Â for Mo5-Mo7 and 2.740(2)Â for M0I-M06'). 
The average intracluster metal-metal bond distances are 2.769Â for 
Kf ggSn^ 71M014O22 and 2.768Â for K^ ggPb^ 34(^0^4022. slightly shorter than 
the 2.78Â reported for Tl^  gSn^ 2'^ °! 4^22 nearly identical to the 2.764Â 
found in (<3^/10^4022. This similarity is rather striking; however, the best measure 
of the utilization of electrons in metal-metal bonding is through bond order 
sums.^® Excluding the apical-apical bonds, the shortest metal-metal bond 
distances in all of the n=3 oligomers are the (Mo3-Mo7') distance, an exterior 
edge of the outer octahedron. There seems to be no logical explanation for this 
behavior. 
Figures 2.3 and 2.4 illustrate the manner in which the trimeric cluster units 
connect in a stair-step fashion for 29^"l .71 ^ °14^22 ^"d .34^°14^22' 
respectively. The K, K-Sn, and Tl-Sn members are essentially held together via 
molybdenum-oxygen bridges. The K-Pb and K-Sr members have significant 
intercluster metal-metal bonding. The details of the intercluster bond distances 
also are found in Table 2.13. 
The molybdenum-oxygen bond distances in .714(^22 ""anQ® 
1.925(7)Â for (Mo5-010) to 2.156(7)Â for (Mo5-03'). Similar results are observed 
for the same Mo-O bonds in ggPb^ 34'^ °14^22 (1 93(1)^ and 2.17(1 )A, 
respectively). The average Mo-O bond distance for both the K-Sn and the K-Pb 
Figure 2.3. An ORTEP view (70% thermal ellipsoids) perpendicular to the c axis of 29^"l 71^°14^ 
with fragments of neighboring clusters included to indicate the stair-step manner in which 





Figure 2.4. An ORTEP view (70% thermal ellipsoids) perpendicular to the c axis of ggPb^ g^Mo^^Ogg 
with fragments of neighboring clusters included to indicate the stair-step manner in which 




members is 2.050Â, identical to KglVlo^^Ogg and very similar to the 2.06Â 
distance reported for Simon's trimer, TI^.6^"1.2^°14^22" oxygen in the 
longest Mo-O bond, 03, is coordinated to only one molybdenum at the end of the 
cluster and one tin/potassium or lead cation in the pocket. The (Sn2-03), (K2A-
03) or (Pb2-03) bond distances at -2.91, 2.80Â, or 2.75Â, respectively, indicate 
that 03 is not strongly coordinated to any metal atom in this cluster. However, 
03 does show significant bonding to a molybdenum in a neighboring cluster of 
the K-Sn and K-Pb members, 1.981(7)Â or 2.05(1 )A for (Mo7'-03'), respectively. 
The shortest Mo-O bond occurs on a basal edge-bridging position. This particular 
oxygen, 010, exhibits a rather long bond distance (-3.08Â for (Sn2- or Pb2-010) 
or 2.95Â for (K2A-010)) to either the tin/potassium or the lead cation. Neither the 
long nor the short Mo-O bond distances seem to correlate to any structural 
distortion; perhaps, they compensate for other subliminal inter- or intra-cluster 
distortions that must occur when two of these trimers are fused in a stair-step 
fashion. Once again, these two extreme distances are found in identical positions 
to those observed in the other two previously reported trimeric oligomers. 
Within the Mo^^ cluster, four molybdenums are four-coordinate in oxygen 
(Mol and Mo6) and the remaining ten molybdenums are all five-coordinate in 
oxygen (Mo2, Mo3, Mo4, Mo5, and Mo7). The connectivity of K^ .gSn^ yMo^^022 
or ggPb^ g^Mo^^022 can be expressed by the following formulation, 
[Majy^ [(MOi40;oOj;^o;g2)Oio/2] '^' Oxygen atoms 05, 06, 07, 08, and 011 
constitute the group labelled O', and are edge-bridging within the cluster unit. 
Oxygen 4 is defined as O'"', and is edge-sharing between neighboring clusters. 
Oxygen atoms labelled as O'"® and O®"' are edge-bridging between molybdenum 
atoms of one cluster and terminal to another molybdenum in a neighboring cluster 
(or vice versa); oxygen atoms 01, 02, 03, 09, and 010 define this class. This 
interconnectivity can be further observed in Figure 2.5 for .71 4022-
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Figure 2.5. An ORTEP view (70% tliermal ellipsoids) of .71M014O22 
nearly parallel to the c axis, indicating the manner in which the 
chains interconnect, thus creating pockets for the cations. 
Cation-oxygen bonds omitted for clarity. 
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The voids where the cations reside are not channels, but rather, pockets in 
which both ends are partially closed by the neighboring Mo-O cluster fragments. 
This pocket is formed as a result of the stair-step interconnection between 
clusters. Figure 2.6 is a view nearly parallel to the c axis where the adjacent 
clusters have been included for the K-Sn member. The partial closure essentially 
traps the cations inside. From this arrangement of framework and cations, one 
could speculate that the growth of these types of compounds is not only driven by 
the formation of a strongly metal-metal bonded framework, but also, by the 
simultaneous formation of suitable cation-oxygen interactions. 
Each pocket within a trimeric oligomer has space for three fully occupied 
cations, with each position located adjacent to a molybdenum octahedron. The 
compound, gSn, ylVlo^^Ogg, has seven partially occupied cation positions, four 
unique, and total three cations per formula unit. Potassium was refined at the 
origin with an occupancy of 59%. The off-origin satellite position has a 
coordination environment better suited to accommodate tin. This tin position 
(Sn1 A) resides 0.464(9)Â on either side of the origin and accounts for the 
remaining occupancy available to this position, 41%. The origin and its two 
satellite positions account for three of the seven positions. The outer cation 
positions were determined to be suitable only for tin and the satellites located to 
the interior side of the pocket were best refined as potassium (K2A). The major 
tin site (Sn2A) was found to be 65% occupied. The satellite potassium atom, 
0.660(8)Â away from the major tin position utilizes the remaining 35% occupancy. 
These two cations, plus inversion, account for the four remaining cation sites 
within one pocket. The seven cation sites occupied by potassium and tin in 
Ki ggSni 7-jMo^4022 do not reside in a linear fashion, but rather their positions 
are skewed in such a manner to create favorable coordination by oxygen atoms. 
This behavior can be seen in the cation angles, (K1-Sn1A-K2A) at 127.4(9)° and 
(Sn2-K2A-Sn1A) at 153.(1)°. The cation arrangement is much more clear and 
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Figure 2.6. An ORTEP view (70% thermal ellipsoids) of .29^"i .71 4^22 
nearly parallel to the c axis. One adjacent set of trimeric cluster units 
is included in the c direction to indicate the cation pocket. 
Cation-oxygen bonds are omitted for clarity. 
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simple in .34^°14^22' Only the three main cation positions were 
occupied, with the origin containing potassium 76% and lead 24% and the second 
position refined as 45% potassium and 55% lead. 
The coordination at the origin for 29^"l .71 ^ °14022 AU'tG regular, as 
shown in Figure 2.7, with ten oxygens ranging from 2.743(8)À for (K1 -07) to 
2.943(7)Â for (K1-01). The eight closest oxygens, which have cation-oxygen 
bond valence sums greater than 0.1 valence units, form a nearly regular cube 
around the potassium. The origin satellites of tin are nine-coordinate In oxygen, 
using the same criterion as K1, but are arranged irregularly, with no definitive 
coordination geometry, from 2.38(1 )À for (Sn1A-05) to 3.10(1)Â for (Sn1A-07'). 
As viewed in Figure 2.8, the other major cation site, Sn2, is nine coordinate in 
oxygen, however, three of these oxygens are strongly bonded: (Sn2-09) at 
2.283(7)Â, (Sn2-08) at 2.215(6)Â, and (Sn2-08') at 2.272(7)Â. These three 
oxygens and the tin (Sn2) have a trigonal prismatic geometry. The remaining six 
oxygens are weakly coordinated, ranging from 2.895(8)Â for (Sn2-011 ) to 
2.936(7)Â for (Sn2-04). The satellite of this tin cation is eleven-coordinate in 
oxygen, varying from 2.70(1)Â for (K2A-08) to 3.01 (1)Â for (K2A-05). 
The tendency of the cations in 29®"l 71'^ °14^22 niove off the "ideal" 
positions may be promoted by the opportunity for tin to obtain significant metal-
oxygen interactions, i.e., interactions that are not suitable for a large cation such 
as potassium. The synthesis of such a quaternary phase, in which a hard cation, 
potassium, and a soft cation, tin, cooperatively mix, results in multiple, partially 
occupied cation sites. All, but one, cation-cation distances are nonbonding, even 
the interpocket (Sn2-Sn2') distance at 3.414(3)Â. The one exception occurs for 
(Sn1-K2A) at 2.70(1 )Â. However, the probability of occupying both of these 
satellite atom positions simultaneously is approximately one in ten; and from a 
chemical viewpoint, this possibility is highly unlikely and would probably result in a 
repulsive interaction. Perhaps, a more intriguing question arises as to whether or 
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Figure 2.7. Oxygen coordination around the potassium at the origin and the tin 
satellites located on either side of the origin in K.| 29Sn.| IVIo^ 4022-




Figure 2.8. Cation coordination environment of tlie second major cation site, 
Sn2, and its satellite, K2A, In .29^"i .71 4^22' *he three 
dark bonds which represent short Sn2-0 distances. This ORTEP 
was drawn with 70% thermal ellipsoids. 
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not an ordering of the cations exists such that isolated pure potassium, tin, or 
mixed cation regions are Intergrown. Or is the cation distribution based on Initial 
composition and entropy? 
If the cations were ordered in some manner, a superstructure should be 
obsen/ed. Based upon previous work with superstructures generated by cation 
ordering, TEM should give the best possibility for observing such phenomena, 
although HREM may be able to discern regions containing a greater abundance 
of tin versus potassium cation sites. 
Microprobe analyses were completed on crystals taken from the original 
reaction of the K-Sn member where the mole ratio of K/Sn was prepared to be 
one. The analyses of two crystals, with seven data points each, indicated the 
average K/Sn mole ratios were 0.83 and 0.86. Microprobe analyses of single 
crystals taken from a reaction to prepare KQ ggSn2Mo^^022 also Indicated that the 
cation occupancy may be widely variable. Analyses of four large crystals, with 
two or three data points per crystal, gave average K/Sn cation mole ratios of 
0.61, 0.54, 0.46, and 0.41. These values are significantly smaller than the 0.75 
mole ratio determined by single crystal refinement and bond valence sums. The 
above result may Indicate that KgMoO^ or Its decomposition products acts as a 
good flux, since potassium molybdate's melting point is 919°C and it decomposes 
at ~1400°C. The actual potassium content Incorporated into the crystal lattice 
may be dependent upon the partial vapor pressure of the potassium containing 
flux, since most crystals were grown by transport. As the reaction progresses, 
the partial pressure due to the potassium component will decrease, because it is 
utilized in the lattice. Therefore, crystal growth at later times should be deficient 
in potassium relative to earlier crystal growth. This argument may also hold true 
for tin metal (mp=232°C). However, based on the quantity of tin remaining from 
stoichiometric reactions, it appears to be present In excess. Since analyses of 
various crystals of the K-Sn oligomer gave variable results, the single crystal that 
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was used for data collection was mounted for microprobe analyses. The results 
from this analysis were more fruitful. Five data points gave an average K:Sn 
mole ratio of 0.77 (or the molar composition of .31 (2)Sni .71 4(^22)-
value was in good agreement with the single crystal refinement. 
The coordination at the origin for .34^°14^22 Au^e regular and 
forms a bicapped cube, as shown in Figure 2.9, with ten oxygens ranging from 
2.72(1 )Â for (K1/Pb1-011) to 2.93(1 )Â for (Kl/Pbl-OI). As viewed in Figure 
2.10, the other major cation site, Pb2/K2, is also ten-coordinate in oxygen, but 
three of these oxygens are strongly bonded: (Pb2/K2-09) at 2.56(1 )À, 
(Pb2/K2-08) at 2.45(1 )Â, and (Pb2/K2-08') at 2.44(1 )Â in trigonal prismatic 
geometry. Six oxygens are weakly coordinated, ranging from 2.75(1 )Â for 
(Pb2/K2-03) to 3.07(2)Â for (Pb2/K2-010). The coordination sphere also 
contains one very long (Pb2/K2-07) distance at 3.21 (1)Â. Unlike the cation 
situation found in the ggSn^ 714^22» mixed lead/potassium atoms are 
well defined within the cation pockets of 34'^ °14®22- The cations are 
also well separated, at 3.380(1 )Â for (Pb1-Pb2) and the interpocket (Pb2-Pb2) 
distance is even greater at 3.836(3)Â. Once again, this phase is a mixture of 
hard and soft cations, and one might expect satellite cation positions. Perhaps, 
they are not observed in this system for two reasons: 1) the potassium and lead 
content may be balanced in such a manner that the optimal cation-oxygen 
bonding dominates the cation choice for a given position or 2) the quality of the 
data set and the refinement are limited, thus not allowing the nuances of the 
systems to be made apparent. In either case, TEM may elucidate the presence 
or absence of a superstructure. 
Microprobe analyses on K/Pb crystals was completed. The selected crystals 
were taken from the same reaction product as the crystal for x-ray data collection 
indicated a wide compositional variation. Approximately twenty-six different grains 





Figure 2.9. Oxygen coordination around the potassium/lead at the origin in 






Figure 2.10. Oxygen coordination environment of tiie second cation site, Pb2/K2, 
in ggPb^ g^h/IOj^ 022. The dark bonds represent short cation-
oxygen bonds. This ORTEP was drawn with 70% thermal 
eilipsoids. 
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points gave an average composition of .99(7)^^^ .oo(7)^°14^22' twenty-nine 
points averaged to .55(3)Pb^ .45(5)^°14^22' sixteen data points averaged 
^1.74(4)^^1.26(5)^°14^22- composition determined by tiie single crystal 
refinement clearly is within the scope of the data calculated from microprobe 
analyses and all cation pockets appear to be fully occupied. 
Discussion of Properties 
Bond length-bond strength relationships 
The implications of bond length-bond strength calculations as related to 
cation coordination and placement have been previously discussed in the 
RESULTS and EXPERIMENTAL sections. The empirical bond valence equation 
(Equation 1) developed by Brown and Wu^^ was used with values of R(1) and 
(N), for K^, Sn^^, and Pb^^ respectively, of 2.276Â (9.1), 1.860Â (4.5), and 
s(cation-O) = [R(cation-0)/R(1 )]"'^  (1 ) 
2.044Â (5.5). Based upon Equation 1, the final bond valence sums were 
calculated for each of the cations in the K-Sn member: Sn2, 2.01(3); K2A, 
1.56(5); SnIA, 1.64(3); and K1, 1.43(4). The final bond valence sums calculated 
for the K-Pb member were: K1, 1.49(5); Pbl, 1.74(3); K2, 2.08(7); and Pb2, 
2.07(5). Bond valence sums for the two unique potassiums in Kgl\/lo^^022 were 
reported as 1.32 and 1.45. In general, the bond valence sums calculated for 
potassium have been high and tin and lead have been low when residing on or 
near a site with potassium. When a given position contains a mixture of cations, 
the cation-oxygen distances are some average over the whole crystal. Therefore, 
bond valence sums do not work as well. However, the values generally reflect 
the ability to distinguish between mono- and di-valent cations. 
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The numerical values resulting from bond length-bond order calculations, as 
discussed previously in Section 1, are found in Table 2.14 for 
Ki ggSni 71M014O22 and Table 2.15 for .34^°14^22- The summations 
for the metal-centered electrons (MCE) include apical-apical bond distances. 
Metal-metal Interactions were tabulated and summed with and without inclusion of 
the intercluster metal-metal interactions at the end of the tables. The number of 
electrons available for metal-metal bonding (2E(En)) was 42.7(2)e" for 
Ki 29Sni 71M014O22 and 44.0(3)e"for .66^^1.34^°14^22 when intercluster 
interactions were not included. The total Mo-O valence for the Mo^^Og '^ cluster, 
in the K-Sn member, was 40.1(8) v.u., calculated from the summation of 
individual Mo-O valences on each Mo atom within the cluster. The Mo^^ cluster 
has 84 (6x14) e" less 40.1 (8)e", or 43.9(8)e' available for metal-metal bonding in 
Ki ggSni 7iMoi4022- The bond valence calculations for .29^"i .71 ^°14^22 
in much better agreement with the 44.7e~ calculated using formalized oxidation 
states, as noted at the bottom of Table 2.14. The total Mo-O valence for the 
Mo^^Og '^ cluster from .34^°14^22 was 40.(1) valence units. The Mo^^ 
cluster has 84 (6x14) e" less 40.(1 )e", or 44.(1 )e" available for metal-metal 
bonding. In the K-Pb member, bond order sums and bond valence calculations 
are both in reasonable agreement with the formal electron count based on 
oxidation states. These values are located at the end of Table 2.15. 
The trends observed in the known oligomeric members, BagMo^gO^g^, 
KgMo^^Ogg^, and BagMo^gOgg^^"^, also are followed by K^ .ggSn^ y^Mo^^Ogg and 
Ki ggPbi 34Moi402g. The metal atoms with about four electrons per 
molybdenum have the greatest number of metal-metal bonds (M0I and M06). 
Molybdenums with an intermediate number of metal-metal bonds (Mo2, Mo3, and 
Mo4, apical) have about one electron per molybdenum less than the former 
group. Molybdenums at the ends of the cluster (Mo5 and Mo7) average less than 
three electrons per molybdenum available for metal-metal bonding. 
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Table 2.14. Bond length-bond strength relationships for 714^22 






2.804(1) 0.488(2) 2.009(7) 0.676(14) 
2.795(1) 0.505(2) 2.058(8) 0.585(14) 
2.767(1) 0.561(2) 2.097(7) 0.523(11) 
2.755(1) 0.587(2) 2.036(7) 0.624(13) 
2.746(1) 0.608(3) Es = 2.41(5) 
2.768(1) 0.559(2) 
2.741(1) 0.619(2) 
En = 3.93(2) 
2.804(1) 0.488(2) 2.041(7) 0.615(13) 
2.820(1) 0.460(2) 2.037(7) 0.622(13) 
2.773(1) 0.549(2) 2.113(7) 0.499(10) 
2.747(1) 0.605(2) 2.011(7) 0.672(14) 
3.026(1)^ 0.2111(7) 2.101(7) 0.517(11) 
2.736(1) 0.631(2^ Es = 2.93(6) 
En = 2.94(1) 
2.795(1) 0.505(2) 2.086(7) 0.539(10) 
2.839(1) 0.428(2) 2.017(8) 0.660(15) 
2.730(1) 0.645(2) 2.021(7) 0.652(13) 
2.794(1) 0.507(2) 2.061(7) 0.580(12) 
2.696(1) 0.734(3) 2.038(7) 0.620(12) 
En = 2.82(1) Es = 3.05(6) 
2.767(1) 0.561(2) 2.080(7) 0.549(11) 
2.755(1) 0.587(2) 2.053(8) 0.593(13) 
2.820(1) 0.460(2) 2.064(7) 0.575(12) 
2.839(1) 0.428(2) 2.048(7) 0.602(12) 
2.767(1) 0.561(2) 2.050(7) 0.599(12) 
2.759(1) 0.578(2) Es = 2.92(6) 
En = 3.18(1) 
2.746(1) 0.608(3) 2.029(8) 0.637(15) 
2.773(1) 0.549(2) 1.925(7) 0.873(19) 
2.730(1) 0.645(2) 2.156(7) 0.442(8) 
3.091(1)® 0.1652(6) 1.963(7) 0.777(17) 
2.764(1) 0.568(2) 2.080(7) 0.549(11) 
En = 2.54(1) Es = 3.28(7) 
Intercluster Mo-Mo bond distances 
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Table 2.14. (continued) 
Atom d(Mo-Mo) n d(Mo-O) s 
2.768(1) 0.559(2) 2.064(7) 0.575(12) 
2.741(1) 0.619(2) 2.015(7) 0.664(14) 
2.747(1) 0.605(2) 2.041(7) 0.615(13) 
2.794(1) 0.507(2) 2.060(7) 0.581(11) 
2.767(1) 0.561(2) Es = 2.44(5) 
2.759(1) 0.578(2) 
2.808(1) 0.481 f2) 
En = 3.91(2) 
3.026(1)® 0.2111(7) 1.959(7) 0.786(16) 
2.736(1) 0.631(2) 2.129(7) 0.477(9) 
2.696(1) 0.734(3) 1.981(7) 0.735(15) 
3.091(1)® 0.1652(6) 2.102(7) 0.515(10) 
2.764(1) 0.568(2) 2.115(7) 0.496(9) 
2.808(1) 0.481(2) Es = 3.01(6) 
2.955(2)3 0.276n) 
En = 3.06(1) 
Metal-Metal MCE(En) = 2E(En) = 42.7(2)e' (w/o Intercluster bonds) 
Metal-Metal MCE(En) = 2E(En) = 44.8(2)e" (with Intercluster bonds) 
Total valence of Mo^^ unit = 2E(Es) = 40.1(8) v.u. 
MCE = (6x 14)- 40.1(8) = 43.9(8)6" 
Formallzed oxidation states'': (6x14) - (22x2) + (1x1.29) + (2x1.71) = 44.7e" 
^Six electrons from each Mo and using the following oxidation states: O"^, K^, 
and Sn"*"^ 
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Table 2.15. Bond length-bond strength relationships for .66^^1.34^°14^22 
Atom 
Mol 
d(Mo-Mo) n d(Mo-O) s 
2.774(2) 0.547(4) 2.03(1) 0.635(18) 
2.792(2) 0.511(4) 2.03(1) 0.635(18) 
2.734(2) 0.636(5) 2.08(1) 0.549(16) 
2.794(2) 0.507(4) 2.07(1) 0.565(16) 
2.748(2) 0.603(4) Es = 2.38(7) 
2.806(2) 0.484(3) 
2.740(2) 0.622(5) 
En = 3.91(3) 
Mo2 2.774(2) 0.547(4) 2.13(1) 0.476(13) 
2.634(2) 0.927(7) 2.03(1) 0.635(18) 
2.793(2) 0.509(4) 2.07(1) 0.565(16) 
2.735(2) 0.633(4) 2.10(1) 0.518(14) 
3.103(2)® 0.158(1) 2.03(1) 0.635(18) 
2.761(2) 0.574(5) Es = 2.83(8) 
En = 3.35(2) 
Mo3 2.792(2) 0.511(4) 2.10(1) 0.518(14) 
3.021(2) 0.215(1) 1.97(1) 0.760(23) 
2.689(2) 0.753(5) 2.01(1) 0.674(20) 
2.790(3) 0.515(6) 2.03(1) 0.635(18) 
2.680(2) 0.780(6) 1.99(1) 0.716(22) 
En = 2.77(2) Es = 3.30(9) 
Mo4 2.734(2) 0.636(5) 2.05(1) 0.599(17) 
2.794(2) 0.507(4) 2.03(1) 0.654(19) 
2.634(2) 0.927(7) 2.10(1) 0.528(14) 
3.021(2) 0.215(1) 2.11(1) 0.504(15) 
2.823(2) 0.454(3) 2.05(1) 0.599(17) 
2.750(2) 0.599(5) Es = 2.87(8) 
En = 3.34(3) 
Mo5 2.748(2) 0.603(4) 2.17(1) 0.426(12) 
2.793(2) 0.509(4) 2.13(1) 0.463(13) 
2.689(2) 0.753(5) 1.93(1) 0.860(26) 
3.042(2)® 0.199(2) 2.01(1) 0.674(20) 
2.725(2) 0.658(5) 1.93(1) 0.860(26) 
En = 2.72(2) Es = 3.28(9) 
^Intercluster Mo-Mo bond distances 
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Table 2.15. (continued) 
Atom d(Mo-Mo) n d(Mo-O) s 
Mo6 2.806(2) 0.484(3) 2.05(1) 0.599(17) 
2.740(2) 0.622(5) 2.07(1) 0.565(16) 
2.735(2) 0.633(4) 2.07(1) 0.565(16) 
2.790(3) 0.515(6) 2.04(1) 0.617(18) 
2.823(2) 0.454(3) Es = 2.35(7) 
2.750(2) 0.599(5) 
2.800(2) 0.496(4) 
En = 3.80(3) 
Mo7 3.103(2)® 0.158(1) 1.98(1) 0.737(21) 
2.761(2) 0.574(4) 2.05(1) 0.599(17) 
2.680(2) 0.780(6) 2.10(1) 0.518(14) 
3.042(2)® 0.199(2) 2.11(1) 0.504(15) 
2.725(2) 0.658(4) 2.10(1) 0.516(14) 
2.800(2) 0.496(4) Es = 2.88(9) 
2.838(4)® 0.428(7) 
En = 3.29(3) 
Metal-Metal MCE(Zn) = 2E(En) = 44.1 (3)e" (w/o intercluster bonds) 
Metal-Metal MCE(En) = 2E(En) = 46.4(4)e" (with intercluster bonds) 
Total valence of Mo^^ unit = 2E(Es) = 40(1) v.u. 
MCE = (6x 14)- 40.(1) = 44(1 )e" 
Formalized oxidation states^: (6x14) - (22x2) + (1x1.66) + (2x1.34) = 44.3e" 




The magnetic susceptibility of 29^^1.71 ^ °14^22 was measured on 
selected crystals over the temperature range of 6-346 K. Based upon microprobe 
analysis, there may be a variable composition range for this K-Sn phase, thus its 
purity is suspect. The data were corrected for diamagnetic core contributions, 
based upon the composition determined by microprobe analyses and the single 
crystal refinement, using values for individual ions reported by Selwood.'*® Figure 
2.11 displays both the molar and inverse molar susceptibilities for this trimeric 
oligomer. The susceptibility levels off above 150 K at -1500x10"® emu/mol and 
shows a slight increase above 300 K. This results in a residual susceptibility, due 
to temperature independent paramagnetism, %j|p, of about 102x10'® emu/Mo. 
The tail from 6-106 K can be fit by the Curie-Weiss relationship and corresponds 
to a moment of 0.45 i^g. If this paramagnetic tail was due to high spin Fe(ll), the 
impurity level would be -0.2 weight percent. Microprobe analyses on crystals 
from the same sample indicated no iron down to the 0.05 weight percent level. A 
hystersis loop, using the SQUID magnetosusceptometer, in which the 
temperature was held constant and the field was varied, also indicated that no 
such ferromagnetic impurity was present. 
The measured moment is too low for the expected 0.7 unpaired electrons per 
formula unit. However, if one electron was trapped on a Mo^^Og^ unit for every 
fourteen clusters that were diamagnetic, then the effective moment would be 
valid. Interestingly, the moment measured for 29^"l 71*^^14^22 similar 
to that of KgMo^^Ogg (0.54|ig). 
The magnetic susceptibility of K., ggPb^ g^Mo^^Ogg was measured on 
selected crystals over the temperature range of 6-356 K. The data were 
corrected for diamagnetic core contributions based upon the individual ion values 
reported by Selwood.'^ ® The molar and inverse molar susceptibilities for the K-Pb 
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Figure 2.12. Molar and inverse molar susceptibilities versus temperature for ggPb., 34^°14^22 
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signal is quite noisy; tliis result may be tiie consequence of the small sample size 
or that the material is diamagnetic. The tail from 6-86 K can be fit by the Curie-
Weiss relationship, however, the apparent moment is very small (0.04 |ig) and 
can most likely be attributed to a low concentration of paramagnetic impurities. 
Again, variable composition, as indicated by microprobe analyses, could result in 
an invalid measurement. 
Electron spin resonance 
In an attempt to clarify the magnetic results, ESR experiments were 
undertaken for the K-Sn member. A ground, powder sample of 
^1.29^"l .71 4^22 loaded into a quartz tube suitable for the resonance 
cavity of the ESR unit. The sample was measured at 395 K, 112 K, and 7 K. All 
spectra exhibited the same features. Figure 2.13 displays the first derivative 
spectrum of five averaged scans at 112 K. There are two features of interest in 
this spectrum. The central resonance is particularly symmetric and has a g value 
of 1.91. The second feature is the hyperfine splitting of ®®Mo and ®^Mo, which 
both have 1=5/2. With spin 5/2, there should be six resonances visible, two are 
easily detected at lower field than the main peak, two are not visible since they 
fall under the main resonance, and two are at higher field, although much weaker 
in intensity. The g value of the central resonance corresponds to a moment of 
1.66 Hg, which is larger than the observed moment determined via magnetic 
susceptibility measurements. This low value may indicate that it arises from an 
impurity in the sample or that one unpaired electron is trapped on one of every 
fourteen clusters, based upon the magnetic data. The g value and the hyperfine 
coupling also indicate that the unpaired electron is residing on a Mo containing 
impurity, or a Mo that is isolated within a cation pocket. 
:50 3500 •Î-50 -500 
H (Gauss) 
Figure 2.13. ESR spectrum for 29^"l 29'^ °14^22 taken at 112 K 
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CONCLUSIONS 
The three trimeric oligomers, K^^h/lylVlo^^Ogg (M = Sn, Pb, or Sr), reported 
here and the two previously reported members begin to show the electronic 
flexibility that can be realized in a finite chain of edge-sharing molybdenum 
octahedra. In particular, the electron count available for metal-metal bonding has 
a significant impact on the magnitude of apical-apical and intercluster metal-metal 
bonding. Both the K-Sn and K-Pb members have bond valence sums around the 
molybdenums that correlate reasonably well with the electron count derived from 
the formal oxidation states. Bond order sums did not fit the formal electron 
counts for .71 4(^22» contrast to K., ggPb^ .34^014(^22' whose bond 
order sums were nearly equivalent to the formal electron counts. This 
observation is most likely the result of electrons entering non- or anti-bonding 
states in the K-Sn member, while all the electrons available for metal-metal 
bonding are utilized as such in the K-Pb member. The nearly equivalent apical-
apical bonds and relatively long intercluster interaction in .71 ^ °14^22 '® 
similar to Simon's Tl^ i gSn., 21^0^4022- The .66^^1.34'^ °14^22 
^2 4^°14^22 msTibers constitute a new arrangement, with short-long apical-
apical molybdenum bonds and a significant intercluster metal-metal bond. 
Unfortunately, the magnetic properties of the K-Sn and K-Pb members are 
not easily interpreted with respect to their formal electron counts. 
'^ I.29^"l.7l'^ °l4^22 a calculated effective moment of 0.45|Xg and 
Ki egPbi 34M014O22 is diamagnetic. Perhaps, these values imply a greater 
underlying structural meaning. A complicated superstructure may exist, however, 
its origin can be questioned; it may be the resultant of ordered cations or an 
electronic effect, such as ordering of differently charged molybdenum oxide 
cluster units. Regrettably, ESR did not add any more decisive information. 
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SECTION 3 
SYNTHESIS AND CHARACTERIZATION OF KQ igBag g^MOggOg^: 
AN OLIGOMER WITH FIVE TRANS EDGE-SHARING Mo OCTAHEDRA 
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INTRODUCTION 
The synthesis of compounds containing chain-segment oligomers, 
Mn. l^\/l04p^2O6n+4' appsars to become increasingly more difficult as n, the 
number of trans edge-shared molybdenum octahedra, becomes larger. The 
thermodynamic stability of large oligomeric members, with respect to smaller 
members, or the n=oo (infinite chain) members, must then necessarily 
be small. The preparation of such materials becomes increasingly sensitive to 
such factors as cation choice (or optimal electron count), starting reagents, and 
reaction temperatures. To date, no synthesis or single crystal x-ray structure 
refinement has been reported for an oligomer with five trans edge-shared Mo 
octahedra. Simon's study of the In-Mo-O system has shown that the mixed n=4 
and 5 member, In^^ l^Vlo^gOgg,^^ can be prepared. A structural refinement of 
lneM022O34 has also been completed; however, the quality of the results has not 
been reported.®^ In this section, the synthesis and characterization of 
Kq ^ gBag 8i'^ °22*^34 will be discussed. This n=5 oligomer was studied by x-ray 
powder diffraction, single crystal x-ray structure refinements, microprobe 
analyses, magnetic susceptibility, and electron spin resonance. 
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EXPERIMENTAL 
Materials and Methods 
The synthesis of oxides containing molybdenum in relatively low oxidation 
states requires that the oxygen content be controlled stoichiometrically. 
Therefore, all reactions were carried out in evacuated (-2x10'® torr) molybdenum 
tubes. 
The starting reagents included KgMoO^, BaMoO^, MoOg, and Mo. 
Potassium molybdate was prepared by reacting KOH (Fisher Certified A.C.S.) 
with a stoichiometric quantity of MoOg in deionized water. The molybdate 
solution was filtered, the volume reduced by heating, and the product collected on 
a glass frit. The wet molybdate was dried at 120°C overnight. Barium molybdate 
was prepared by mixing an aqueous solution of BaClg ^HgO (Baker Analyzed 
Reagent, 99.6%) with an aqueous solution containing a stoichiometric quantity of 
sodium molybdate dihydrate (Fisher Certified). The white precipitate was filtered, 
washed with copious amounts of distilled water, and then dried overnight at 
130°C under dynamic vacuum. Molybdenum trioxide was fired at 520°C 
overnight in an open crucible and then cooled over desiccant. Molybdenum 
powder (Aldrich, 99.99%) was dried under dynamic vacuum at 120°C overnight. 
All the starting reagents were stored in a desiccator. These materials were 
thoroughly ground to produce a homogeneous mixture which was also stored in a 
desiccator. Molybdenum tubing (Thermoelectron Corp., 99.97%) was cleaned by 
heating at 950°C for five hours under a flowing hydrogen atmosphere. After 




X-ray powder diffraction 
An Enraf Nonius Delft FR552 triple focusing Guinier x-ray powder diffraction 
camera was used with Cu Koc^ radiation (X = 1.540562À) generated from an AEG 
fine focus tube powered by a General Electric XRD-5 generator. National Bureau 
of Standards silicon powder was used as an external standard. 
Magnetic susceptibility 
The magnetic properties were examined on selected crystals with a Quantum 
Design SQUID magnetosusceptometer. The sample was loaded into a 3mm 
inner diameter quartz tube that had been sealed on the bottom half with a 3mm 
outer diameter quartz rod. A quartz rod also was placed in the top half of the 
loaded sample tube, which was then mounted in an apparatus that allowed the 
evacuation of the sample tube and purging with helium gas. To eliminate water, 
the system was heated to 120°C for an hour under dynamic vacuum. After 
cooling, the system was pumped and purged with helium three more times. The 
upper quartz tube was pushed into place under a partial pressure of helium (to 
facilitate temperature equilibration during measurements), sandwiching the sample 
between "solid" quartz, and sealed off. This procedure was used to eliminate 
oxygen contamination, which has an antiferromagnetic transition at -50 K. The 
experimental data were corrected for the diamagnetic contribution from the 
quartz. Measurements on empty quartz tube/rod assemblies, with varying gap 
sizes, indicated that the diamagnetic contribution from the quartz was related to 
the size of the gap (the area normally reserved for the sample material). Since 
the signal versus gap size data could be fit by a line, a correction was employed 
by measuring the length of the gap containing the sample. 
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Scanning electron microscopy 
A Cambridge S-200 scanning electron microscope was employed for 
qualitative elemental analysis using a Tracor Northern Micro Z-II energy 
dispersive spectrometer (EDS) with a beryllium window. Powdered samples 
and/or crystals were loaded onto a metal disk via Scotch double-stick tape and 
sputter-coated with gold to improve their conductance. 
Microprobe analysis 
Elemental analyses were completed by Dr. Alfred Kracher (Department of 
Geological and Atmospheric Sciences) on an ARL SEMQ microprobe. The 
instrument was equipped with wavelength dispersive spectrometers (WDS) and 
operated at 15 kV and 25 nA. Samples were mounted in Epo-Tek 301-2 epoxy 
resin, dried, and polished to produce a flat surface. Prior to examination, the 
samples were sputtered with carbon to insure conductivity. Peak profiles and 
backgrounds were measured for the standards, which included KAISigOg, BaSO^, 
and MoOg. Data were analyzed using Probe^® software. 
Electron spin resonance 
X-band electron spin resonance (ESR) spectra were recorded on powdered 
samples of Kgy^gBag g^MoggOg^ with a Bruker ER200-SRC instrument equipped 
with an Oxford Instruments ESR 900 flow through cryostat and a DTC-2 digital 
temperature controller. A Hewlett-Packard 5342 microwave frequency recorder 
was used to measure the exact frequency of the microwave radiation. The data 
to be described was averaged over five scans and collected at a modulation 
frequency of 100 kHz and a power of 3.2 Gpp. The instrument was calibrated 
against weak pitchblende prior to use. 
109 
Synthesis 
Attempts to prepare the quaternary K2Ba2lVlo^g02g resulted in the formation 
of another oligomeric member, the n=5, Kg -19833 81M022O34. The correct 
stoichiometric mole ratios of K2M0O4, BaMoO^, M0O3, and Mo necessary to 
prepare the tetramer were thoroughly ground, pressed into a pellet, and loaded 
Into a molybdenum tube. The tube and contents were evacuated, fired at 150°C 
for 20 minutes, and left under dynamic vacuum overnight before being sealed by 
electron beam welding. The sample was fired at 1400°C in a high temperature 
vacuum furnace overnight and then further reacted at 1500°C for 119 hours. The 
furnace was cooled at an average of 1°C/min down to 1240°C, 2°C/min to 
1000°C, 5°C/min to 800°C, and then furnace cooled to 100°C in approximately 
one hour. Upon opening, the interior tube walls were found to be clean. The 
pellet was a coarse mixture of black crystals (oligomer), black powder (M0O2), 
and silver beads (Mo). 
Unfortunately, single phase preparation of Kq -19633 M022O34 has not been 
3chieved. As observed in the previous synthetic routes to oligomeric members, 
M)(M04^_^2(^6n+4' which potassium was utilized, preparation of these phases 
appears to be promoted in the presence of excess K2M0O4. The potassium 
molybdate, or its decomposition products, act as a good flux. Over the course of 
the reaction, potassium may be incorporated into the structure with a wide range 
of concentrations. In this case, the pentameric oligomer only includes a small 
3mount of p0t3ssium. The oversll composition. Kg -j9833 3-, MO22O34, was 
determined by the single crystal structure refinement, to be discussed later, and 
was essentislly verified by microprobe 3n3lyses. Quantitative analyses of four 
small crystals with a total of five data points resulted in a net composition of 
^0.09(2)^®3.6(2)'^ °22^33.9(1 )• This stoichiometry is derived from a fixed number 
of molybdenums and the oxygen content was then calculated by difference. 
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Prior to the investigation of tlie K-Ba-IVl022Og^ system, the compound 
Ba^ 2'^ °22^34 was identified by a singie crystai structure refinement. This phase 
was found in a reaction intended to prepare Ba^Mo^g028. BalVloO^, M0O2, and 
Mo (4:6:8 moie ratio) were thoroughly ground, loaded into fused silica tubing, 
evacuated, and heated to 200°C for two hours before sealing. The reaction 
mixture was fired at 1250°C for 3 days, then 1230°C for 2 days, and finally cooled 
to 800°C at about 100°C/hour before quenching to room temperature. The 
product was reground and loaded back into fused silica tubing. This mixture was 
fired at 1220°C for 15 more days. Many crystals were transported to the cool end 
of the tube. Most of these indexed as the tetrameric oligomer, although highly 
twinned. One single crystal was indexed In an orthorhombic cell with 
a=9.g09(18)Â, b=31.526(9)Â, and c=9.353(9)Â. From the 5861 reflections 
collected, 3261 had l>3a(l), and 1574 were unique. Unfortunately, a definite 
space group could not be assigned. However, using P2^2^2^, the final 
refinement converged at R=24%. Based upon the axial lengths, this phase might 
be isostructural to Simon's briefly mentioned lngMo220g^.^^ The main structural 
difference between Ba^ 2'^ °22^34 *^019^^.81 ^ °22^34 '® the clusters 
interconnect in a zig-zag fashion in the former, similar to BaMogO^Q^^; and they 
interconnect in a stair-step manner in the latter, like all the known oligomers with 
n=2 and 3,^®'' Regrettably, the synthesis of more Bag_)(Mo220g^ with zig-zag 
interconnected chain segments was unsuccessful. 
X-ray Powder Diffraction 
The observed versus calculated d-spacings and relative intensities are given 
in Table 3.1 for Kg ^gBag g^Mo220gy^. Table 3.1 is only a partial listing, reflections 
that were very weak or broad have been excluded. The calculated d-spacings 
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Table 3.1. X-ray powder diffraction data for gBa^ 1^022^34 
d-spacing (A) Intensity® hkl 
obsen/ed calculated^ 
6.790 6.763 s 110 _ 
4.884 4.896, 4.892 w-b 200, 201 
4.884 4.885 112 
4.700 4.677 w-b 020 
4.301 4.338 & 4,335 w-b 210 & 211 
4.235 4.220 w-b 120 
3.574 3.573 w-b TI4 
3.425 3.401 w-b T23 
3.387 3.382 & 3.380 w-b 220 & 221 
3.120 3.110 m-b 311 
3.080 3.082 w 310 
2.982 2.970 s 130 
2.763 2.790 w-b 124 
2.705 2.695 m 321 
2.517 2.516 & 2.505 w-b 322 & 313 
2.490 2.484 w 205 
2.478 2.478 & 2.477 w 206 & 401 
2.463 2.450 m 125 
2.405 2.401 m 215 
2.397 2.395 s 216 
2.281 2.299 m T26 
2.198 2.194 m 225 
2.192 2.189 m 226 
2.172 2.188 w 421 
2.047 2.060 w 315 
2.017 2.005 w 326 
1.948 1.943 & 1.940 m 235 & 236 
1.942 1.939 & 1.938 s 431 &511 
1.915 1.925 w 325 
1.712 1.703 & 1.701 m 245 & 246 
1.703 1.700 m 441 
^Intensity: s=strong, m=medium, w=weak, and b=broad 
''Refined monoclinic cell parameters determined from single crystal indexing: 
a=9.908{2)Â, b=9.353(2)Â, c=15.951 (3)Â, and (3=98.78(2)° 
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were derived from the lattice parameters determined by single crystal indexing. 
All d-spacings are based on Cu radiation. 
X-ray Single Crystal Data Collection 
A black, chunk-like crystal of Kq igBag 3^1^032034 measuring 0.07 x 0.12 x 
0.12 mm^ was mounted with epoxy cement on a glass fiber for data collection. A 
Rigaku AFC6R rotating anode diffractometer was used with graphite 
monochromated Mo Ka radiation (X^0.71069Â) generated at 7 kW. Lattice 
parameters and an orientation matrix for data collection were derived from 13 
randomly located and centered reflections with a two theta range of 13-16°. The 
monoclinic lattice had cell dimensions of a=9.912(4)Â, b=9.356(4)Â, 
c=15.958(8)Â, (3=98.75(4)°, and voiume=1463.(1 )Â®. Three standard reflections 
were measured every 150 reflections and showed no apparent variation in 
intensity during the data collection. A refinement on 25 reflections with strong 
intensity and two theta values near 40° gave a final idealized cell with the 
following lattice parameters: a=9.908(2)Â, b=9.353(2)Â, c=15.951 (3)Â, 
p=98.78(2)°, and volume=1460.8(4)Â®. Data were collected at room temperature 
from 0 to 60° in two theta in the hemisphere (dJi,k,dd), using an o)-20 scan mode. 
The number of reflections measured was 9042, of which 6212 were observed 
(l>3a(l)) and 2768 were unique with l>3.5a(l). The linear absorption coefficient 
for Mo Ka was 136.910 cm"\ An empirical absorption correction®® was applied 
based upon five azimuthal scans of reflections with an average transmission 
range of 0.942-1.000, The intensity data were corrected for Lorentz and 
polarization effects. 
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Structure Solution and Refinement 
The space group P2^/a (#14) was chosen based on the systematic absences 
of hOI: h:;t2n and OkO: kït2n, however, there was one violation of the latter 
condition which could be attributed to a very intense neighboring reflection and 49 
violations of the former condition, none of which could be validly excluded. 
Therefore the structure was solved by direct methods using SHELXS®^ in three 
space groups: P2^/a (0.055), P2^ (0.041), and Pa (0.034). The structure was 
refined in P2^/a and Pa on 1 F| by full matrix least squares techniques^® with the 
TEXSAN^® package. The refinement in Pa converged at R=7,3%. In this space 
group, all the atoms in the formula unit are unique, thereby allowing distortions to 
occur that do not necessitate an inversion related contribution to another part of 
the same cluster. The distortions that occur within the cluster are only slightly 
different than the more symmetrical solution in P2^/a. Thus the centrosy m metric 
space group, P2^/a, was chosen to be a more valid model, with the realization 
that small distortions presumably do occur, but do not contribute significantly to 
the intensity of the measured data. 
Using P2.|/a as the space group, about half of the molybdenum atoms were 
located in the initial output from direct methods. After refining on these positions, 
the remaining molybdenum atom positions were found in a Fourier electron 
difference map. The molybdenum atom positions refined to R=41%. Two very 
large peaks remained in the difference map and these were assigned as barium 
cations. Inclusion of these two atoms resulted in a refinement at 18%. The two 
cations were allowed to refine as a combination of potassium and barium, since 
SEM EDS indicated that both cations were present in other crystals from the 
same reaction product. These conditions converged at R=12%. All the thermal 
parameters of the heavy atoms were then allowed to refine isotropically; this 
resulted in R=8.1%. After refining the oxygen atom thermal parameters 
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isotropically, the R factor was 7.0%. Anisotropic refinement of the thermal 
parameters for the heavy atoms and eight of the oxygen atoms converged at 
R=6.2%. A secondary extinction correction was applied (5.6(9)x10"®) and cation 
occupancies were rechecl<ed. The final cycle converged at R=4.93% and 
R^=6.03%. The final occupancies indicated that the two cation sites were fully 
occupied, with Bal/KI at 95.1/4.9(7)% and Ba2/K2 at 95.6/4.4(7)%. However, 
the site at the origin, the central available cation position, was determined to be 
completely vacant. The thermal parameters of the potassium atoms were fixed to 
the anisotropic values derived for the respective barium cations. All the thermal 
parameters for the molybdenum, barium, and eight of seventeen oxygen atoms 
were refined anisotropically. A final electron difference map was not void of 
electron density, since there were ten peaks with electron density between 10.1 
and 7.4 e/Â^. All peaks were located within the cation pockets and had cation to 
peak distances ranging from 1.7 to 2.2Â. No strongly convincing arguments can 
be made to explain the considerable quantity of electron density remaining. 
Perhaps, the correct space group. Pa, would alleviate this problem. Absorption 
does not seem to be the problem, and when a cylindrical absorption correction 
was made, the resulting refinement was even poorer, R=9.8%. Another 
possibility is that the current assessment of the cation locations in the pockets is 
not correct. It is peculiar that the central cation site, which should be ideal for 
potassium, is left vacant. A fourth scenario, and perhaps the most realistic 
possibility, is that the crystal is actually composed of domains of oligomers with 
varying chain lengths or modes of interconnection. This behavior was observed 
in the ln-Mo-0 system studied by Simon.®^ Given the quality of the refinement, 
the crystal used for data collection is probably composed of essentially, although 
not all, MO22 units connected in a stair-step fashion. 
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Details of the data collection and refinement for Kg^gBag l\^0220g^ are 
given in Table 3.2. Final positional parameters and isotropic temperature factors 
are given in Table 3.3. Anisotropic temperature factors are listed in Table 3.4. 
Selected interatomic metal-metal bond distances, metal-oxygen bond distances, 
and bond angles are found in Tables 3.5, 3.6, and 3.7, respectively. 
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Table 3.2. X-ray crystallographic data for KgjgBag (^°22^34 
formula KoigBaggilVIOggOg^ 
formula weight 3185.32 
crystal system monoclinic 
space group P2^/a (#14) 
a, Â 9.908(2) 
b, A 9.353(2) 
c, Â 15.951(3) 
p, degrees 98.78(2) 
volume, Â® 1460.8(4) 
Z 2 
calculated density, g/cm® 7.172 
FOOO 2826 
crystal size, mm^ 0.07 x 0.12 x 0,12 
H(Mo Ka), cm""' 136.910 
diffractometer Rigaku AFC6R 
X, Â, graphite monochromator 0.71069 
temperature, °C 24 
two theta range, degrees 0-60 
scan mode (0-20 
No. reflections collected 9042 
No. observations (l>3a(l)), (unique, l>3.5a(l)) 6212 (2768) 
No. variables 229 
goodness of fit® 2.138 
max. shift in final cycle 0.002 
largest peaks in final diff. map, e/Â® +10.1, -3.9 
transmission coefficient 0.942-1.000 
R'', R^® 0.0493, 0.0603 
«Quality of fit = [ W FJ -I fJ l^ /lN b^s'Nparameters) 
bR = 2]|Fj4Fj|/l:|F| 
'^R^ = [ Ecod Fj -I Fj )2/E(û| FJ Fj} 
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Table 3.3. Atomic coordinates for KgigBag 3^1^/1022034 
Atom® X Y Z 
Bal/Kf 0.91910(8) 0.0072(1) 0.11851(5) 0.58(3) 
Ba2/K2° 0.96132(8) 0.0005(1) 0.34553(6) 0.63(3) 
M0I 0.6072(1) 0.1280(1) 0.30985(7) 0.24(4) 
Mo2 0.5635(1) 0.8879(1) 0.41055(7) 0.24(4) 
Mo3 0.5221(1) 0.8798(1) 0.23092(7) 0.23(4) 
Mo4 0.3001(1) 0.8690(1) 0.31198(8) 0.43(4) 
Mo5 0.3438(1) 0.1165(1) 0.23082(7) 0.21(4) 
M06 0.5663(1) 0.1233(1) 0.14431(7) 0.21(4) 
Mo7 0.3928(1) 0.1128(1) 0.41011(7) 0.19(4) 
MoB 0.4673(1) 0.8797(1) 0.05567(8) 0.52(4) 
Mo9 0.6543(1) 0.1290(1) 0.50139(8) 0.28(4) 
M0IO 0.2570(1) 0.8679(1) 0.14266(8) 0.33(4) 
r^oii 0.3014(1) 0.1148(1) 0.05765(7) 0.22(4) 
01 0.675(1) 0.765(1) 0.5012(6) 0.4(1) 
02 0.465(1) 0.238(1) 0.0420(6) 0.5(3) 
03 0.1730(9) 0.994(1) 0.2288(6) 0.4(1) 
04 0.639(1) 0.005(1) 0.0451(6) 0.4(1) 
05 0.310(1) 0.743(1) 0.0468(6) 0.6(1) 
06 0.497(1) 0.269(1) 0.2246(6) 0.4(3) 
07 0.368(1) 0.730(1) 0.2290(7) 0.8(3) 
08 0.631(1) 0.757(1) 0.3218(6) 0.5(1) 
09 0.7290(9) 0.018(1) 0.4102(6) 0.3(3) 
010 0.6955(9) 0.004(1) 0.2288(6) 0.3(1) 
Oil 0.555(1) 0.251(1) 0.4080(6) 0.5(1) 
012 0.237(1) 0.247(1) 0.1352(6) 0.6(3) 
013 0.403(1) 0.746(1) 0.4108(6) 0.7(3) 
014 0.781(1) 0.258(1) 0.3163(6) 0.4(1) 
015 0.582(1) 0.754(1) 0.1382(6) 0.5(3) 
016 0.226(1) 0.984(1) 0.4083(7) 0.9(4) 
017 0.147(1) 0.991(1) 0.0488(6) 0.6(1) 
®AII atoms reside on the Wyckoff position 4e 
^he equivalent isotropic temperature factor, 8^-, is defined as 
87i?/3{EjEj(Ujja^a^ j^-3tj)}, where the summations of i and j range from 1 to 3 
°Ba1 and K1 reside on the same site with 95.1(7)% and 4.9(7)% occupancies, 
respectively 
%a2 and K2 reside on the same site with 95.6(7)% and 4.4(7)% occupancies, 
respectively 
118 
Table 3.4. Anisotropic temperature factors® (Â^xlO®) for Kg i@Bag (^022^34^ 
Atom U11 U22 U33 U12 Ui3 ^23 
Bal/KI 6.5(4) 6.6(4) 8.7(4) 0.7(3) -0.1(3) -0.3(3) 
Ba2/K2 5.7(4) 5.9(4) 12.3(5) -0.2(3) 1.8(3) -0.4(3) 
M0I 2.7(5) 2.6(5) 3.8(5) 0.2(4) 0.2(4) -0.2(4) 
Mo2 2.9(5) 2.1(5) 4.2(5) 0.9(4) 1.2(4) 0.3(4) 
Mo3 2.6(5) 1.9(5) 4.0(5) 0.0(4) 0.4(4) -0.5(4) 
Mo4 1.2(5) 3.1(5) 11.8(6) -0.5(4) 0.5(4) 0.3(4) 
Mo5 1.1(5) 2.7(5) 3.9(5) 0.6(4) -0.4(4) -0.3(4) 
M06 1.8(5) 2.4(5) 3.4(5) -0.2(4) -0.1(4) -0.5(4) 
Mo7 1.2(5) 2.6(5) 3.5(5) -0.2(4) 0.1(4) 0.3(4) 
M08 3.5(5) 7.1(5) 8.5(6) 1.7(4) -1.4(4) -5.7(4) 
Mo9 1.4(5) 3.1(5) 6.4(5) 0.1(4) 1.2(4) -0.2(4) 
M0IO 2.2(5) 3.3(5) 6.7(5) -0.4(4) -0.5(4) -1.9(4) 
Moll 2.0(5) 2.3(5) 3.6(5) 0.6(4) -0.5(4) -0.4(4) 
01 5.(2) 




06 5.(4) 4.(4) 7.(4) -1.(3) 0.(3) 4.(3) 
07 8.(5) 16.(5) 5.(5) 3.(4) -0.(4) 6.(4) 
08 6.(2) 
09 3.(4) 9.(4) 2.(4) 0.(3) 1.(3) -2.(3) 
010 4.(2) 
011 6.(2) 
012 6.(4) 13.(5) 6.(5) 2.(4) 1.(4) 3.(4) 
013 8.(5) 14.(5) 6.(5) 2.(4) 3.(4) 6.(4) 
014 5.(2) 
015 3.(4) 11.(5) 4.(5) 2.(4) -0.(3) -5.(4) 
016 11.(5) 12.(5) 12.(5) -5.(4) 2.(4) -2.(4) 
017 7.(2) 
®Tlie coefficients U» of tiie anisotropic temperature factor expression are defined 
as exp(-2jt^(a*^U^ ^ h^+b*^U22k^+c*^Uggl +2a*b*U^ 2hk+2a*c*U^ 3lil+2b*c*U23l<i)) 
^he thermal parameters for oxygens 01, 03, 04,05, 08, 010, 011, 014, and 
017 only refined isotropically 
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Table 3.5. Selected metal-metal interatomic distances (Â) for Kqi9833 3^1^022034 
M01-M02 2.832(2) M0I-M03 2.713(2) 
Mo1-Mo5' 2.722(2) M0I-M06 2.610(2) apical'^  
Mo1-Mo7' 2.B51(2) M0I-M09 3.019(2) apical 
Mo2-Mo3 2.833(2) Mo2-Mo4' 2.839(2) 
Mo2-Mo7' 2.698(2) Mo2-Mo7 2.827(2) 
Mo2-Mo9 2.753(2) Mo2-Mo9' 2.756(2) 
Mo3-Mo4' 2.718(2) Mo3-Mo5' 2.832(2) 
Mo3-Mo6 2.734(2) Mo3-Mo8 2.765(2) 
M03-M0IO' 2.786(2) Mo4-Mo5 2.720(2) 
Mo4-Mo7 2.838(2) Mo4-Mo9 2.942(2) apical 
Mo4-Mo10 2.669(2) apical Mo5-Mo6' 2.774(2) 
Mo5-Mo7 2.827(2) Mo5-Mo10 2.785(2) 
Mo5-Mo11 2.730(2) M06-M0B 2.780(2) 
M06-M08' 3.156(2) inter® M06-M0II' 2.774(2) 
Mo7-Mo9' 2.743(2) Mo7-Mo9 2.775(2) 
MoB-MoB' 2.998(3) inter M08-M0IO' 2.676(2) 
M08-M0II' 2.748(2) M08-M0IT 3.128(2) inter 
M0IO-M0II 2.747(2) Bal-Bal 4.328(1) inter 
3.582(1) Ba2-Ba2'^  4.870(2) 
^Atoms witli primed numbers are related to those with unprimed numbers by the 
inversion center. 
^Apical-apical Mo-Mo bond distances 
^Intercluster Mo-Mo bond distances 
"^Occupancy of these cation positions combines both potassium and barium 
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Table 3.6. Selected metal-oxygen bond distances (A) for Kg i^gBag IVl022Og^^ 
M01-O6 2.081(9) M0I-O9 2.117(9) 
M01-010 2.031(9) M0I-OII 2.07(1) 
M01-014 2.097(9) M02-OI' 2.03(1) 
M02-O8' 2.06(1) Mo2-09 2.045(9) 
M02-013' 2.07(1) Mo3-07' 2.07(1) 
MoS-OS* 2.03(1) M03-OIO 2.078(9) 
M03-015' 2.049(9) Mo4-03 2.048(9) 
M04-O7 2.04(1) Mo4-08 2.07(1) 
M04-013 2.09(1) M04-OI6 2.10(1) 
M05-O3 2.042(9) M05-O6' 2.091(9) 
M05-O12' 2.10(1) M05-O14' 1.97(1) 
M06-O2 2.08(1) M06-O4 2.15(1) 
M06-O6 2.06(1) M06-OIO 2.044(9) 
M06-OI2 2.11(1) M07-OI' 2.01(1) 
MoT-Oil' 2.07(1) Mo7-014' 2.10(1) 
M07-OI6 2.05(1) M08-O2' 2.10(1) 
M08-O4' 2.09(1) Mo8-04' 2.08(1) 
M08-05' 2.00(1) M08-OI5' 1.99(1) 
M09-OI 2.125(9) Mo9-09 2.015(9) 
M09-OII 2,01(1) M09-O13 1.97(1) 
M09-OI6 2.02(1) M0IO-O3 2.077(9) 
M0IO-O5 2.05(1) M0IO-O7 2.08(1) 
M0IO-OI5 2.065(9) M0IO-OI7 2.06(1) 
Moll-02' 2.03(1) M0II-O4' 2.14(1) 
M0II-O5' 2.21(1) M0II-OI2' 1.92(1) 
M0II-OI7 1.91(1) Bal-02 2.75(1) 
Bal-03 2.844(9) Ba1-04 2.842(9) 
Bal-05 2.76(1) Ba1-06 2.729(9) 
Ba1-07 2.92(1) Bal-010 3.032(9) 
Bal-012 2.96(1) Bal-015 2.92(1) 
Bal-017 2.65(1) Bal-017' 2.67(1) 
Ba2-03 3.010(9) Ba2-06 2.95(1) 
Ba2-07 2.90(1) Ba2-08 2.99(1) 
Ba2-09 2.668(9) Ba2-010 2.984(9) 
Ba2-011 2.64(1) Ba2-013 2.63(1) 
Ba2-014 2.99(1) Ba2-016 2.66(1) 
®Atoms with primed numbers are related to those with unprimed numbers by the 
inversion center. Cationic bond distances reported using barium, although the 
cation position is partially occupied by potassium. 
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Table 3.7. Selected bond angles (degrees) for Kg^gBag IVIo220g^^ 
Mo2-Mo1 -Mo5' 90.72(5) Mo3-Mo1-Mo7* 90.69(5) 
M06-M0I -Mo9 179.21(6) Mo1-Mo2-Mo4' 86.71(5) 
Mo3-Mo2-Mo7' 91.39(5) Mo3-Mo2-Mo7 178.27(6) 
Mo9-Mo2-Mo9' 89.82(5) Mo7-Mo2-Mo7' 90.21(5) 
M0I -Mo3-Mo4' 91.61(5) Mo5'-Mo3-Mo8 88.48(5) 
M06-M03-M0IO' 89.40(5) Mo2-Mo3-Mo5' 88.49(5) 
Mo2-Mo3-Mo8 176.68(5) Mo2-Mo4'-Mo5' 90.62(5) 
Mo9-Mo4-Mo10 179.62(5) Mo3-Mo4'-Mo7' 90.87(5) 
Mo1-Mo5'-Mo4' 91.38(5) Mo6-Mo5'-Mo10' 88.59(5) 
Mo7-Mo5-Mo11 178.52(5) Mo3-Mo5'-Mo7' 88.79(5) 
Mo3-Mo5'-Mo11 ' 89.74(5) Mo5'-Mo6-Mo8 89.35(5) 
M0I-M06-M08' 177.11(5) Mo3-Mo6-Mo11 ' 90.88(5) 
Mo2-Mo7-Mo5 178.79(5) Mo1-Mo7'-Mo4' 86.38(5) 
Mo2-Mo7-Mo2' 89.79(5) Mo2-Mo7'-Mo5' 91.33(5) 
Mo9-Mo7-Mo9' 89.62(5) M06-M08-M010' 90.71(5) 
Mo3-Mo8-Mo6' 174.77(5) Mo3-Mo8-Mo11 ' 90.78(5) 
M0I -Mo9-Mo4 179.79(5) Mo2-Mo9-Mo2' 90.18(5) 
Mo3-Mo10'-Mo11' 90.35(5) Mo7-Mo9-Mo7' 90.38(5) 
Mo5-Mo10-M08' 91.29(5) Mo6-Moir-Mo10' 89.36(5) 
Mo5'-Mo11'-Mo8 90.95(5) 
®Atoms with primed numbers are related to those with unprlmed numbers by the 
inversion center 
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RESULTS AND DISCUSSION 
Description of Structure 
Kq igBsg q^Mo22034 can be described as a framework of molybdenum oxide 
cluster units in which five trans edge-shared molybdenum octahedra have all 
edges bridged by oxygen and all apical Mo atoms also capped by oxygen. This 
building block, the MOggOgg unit, is shown in Figure 3.1 using ORTEP."^® A 
prominent feature of this unit, within the metal-metal framework, is the pairwise 
distortion of the apical molybdenum atoms to give a short-long-long-short 
arrangement of Mo-Mo bond distances: 2.610(2)Â for (M0I-M06), 3.019(2)Â for 
(Mo1-Mo9), 2.942(2)Â for (Mo4-Mo9), and 2.669(2)Â for (Mo4-Mo10). These 
values are similar to the apical-apical bond distances of 2.749Â, 2.938Â, 2.938Â, 
2.749Â reported by Simon^® for the MO22 cluster found In In^^Mo^gOgg-
Extended HOckel calculations by Hoffmann and Wheeler^^ on the clusters that 
make up ln^^M04QOg2 indicate that such a painvise distortion on the apical 
molybdenum bond distances in the MO22 unit does not change the HOMO-LUMO 
gap. However, two molecular orbitals that contribute significantly to apical-apical 
bonding are lowered in energy by approximately 0.1 eV. The angles between 
adjacent basal plane molybdenum atoms running parallel to the c axis (the chain 
direction) indicate only a small component of tilting: (Mo2-Mo7-Mo5) at 
176.68(5)°, (Mo3-Mo2-Mo7) at 178.27(6)°, (Mo2-Mo7-Mo5) at 178.79(5)°, and 
(Mo7-Mo5-Mo11) at 178.52(5)°. Therefore, the apical-apical interactions 
observed are basically painwise distortions of the apical molybdenum atoms 
formed by displacement of these atoms along the c direction. 
The variation of the bond distances between the trans edge-shared 
molybdenums follows the trend observed in Ba^Mo^gOgg and ln^^Mo4QOg2. 
Figure 3.1. An ORTEP drawing (70% thermal ellipsoids) of the n=5 metal oxide cluster unit 
in Kq igBag g^MoggOg^ as they are found parallel to the c axis 
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This trend indicates that the trans edge above and below an apical-apical bond 
will be short if the apical-apical distance is long, and vice versa. For 
^0.19^33 81^°22^34' trans edge-shared molybdenum bond distances [and 
apical bond distances] are 2.832(2)Â for (Mo3-Mo5') [2.610(2)Â & 2.669(2)Â] and 
2.698(2)Â for (Mo2-Mo7') [3.019(2)Â & 2.942(2)Â]. The basal edges of the 
molybdenum octahedra that run parallel to the chain also follow the general trend 
observed in the oligomeric series, M^.j(M04p^2O6n+4''®' shorter metal-metal 
bond distances at the ends of the cluster (2.730(2)Â for (Mo5-Mo11) and 
2.765(2)Â for (Mo3-Mo8)) and longer bond distances toward the center of the 
cluster (2.827(2)Â for (Mo5-Mo7) & (Mo2-Mo7) and 2.833(2)A for (Mo2-Mo3)). 
The clusters in Kq 19833 81M022O34 are interconnected along the chains in 
the same stair-step fashion observed for all the oligomeric members with two or 
three edge-sharing octahedra. This can be observed In the ORTEP drawing 
shown in Figure 3.2. The intercluster bond distances for this pentameric oligomer 
are indicative of clusters that have only a small metal-metal interaction, 2.998(3)À 
for (Mo8-Mo8'), 3.128(2)Â for (M08-M011'), and 3.156(2)Â for (Mo6-Mo8'). Thus 
the clusters tend to be isolated units connected via Mo-O bonds. Table 3.8 lists 
all the intercluster metal-metal bond distances for the oligomeric members with at 
least three trans edge-sharing molybdenum octahedra. Regrettably, this short list 
does not indicate an emerging trend with respect to the number of electrons 
available for metal-metal bonding per molybdenum atom as has been observed 
for the n=2 oligomers.^ One member missing from Table 3.8 which would help 
compare and contrast the K-Ba pentameric oligomer, lngM022034, has only 
received a brief mention,and thus no bond distances are available. 
The average intracluster Mo-Mo bond distance is 2.776Â, quite comparable 
to the 2.798Â found in Simon's M022 cluster. This result appears to be consistent 
with the apparent charges on the cluster frameworks, and therefore, also similar 
to the number of electrons available for metal-metal bonding. The MO22O34 
Figure 3.2. An ORTEP drawing (70% thermal ellipsoids) emphasizing the interconnection of the metal oxide 
cluster units in Kq igBag 81M022O34. The chains propagate parallel to the c axis. 
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Table 3.8. Intercluster Mo-Mo bond distances and electron counts for selected 
oligomeric members of the series, M^^Mo^^^g^^SnW 
MCBIVIo^ 
Compound n® Intercluster bond distances (Es) Formal 
*^0.19^^3.81 ^ °22^34 5 2.998(3), 3.128(2), 3.156(2) 3.25 3.26 
BagMo^g02g 4 3.176(4), 3.195(3), 3.216(3) 3.22 3.22 
T '^l.6^"l.2^^14(^22 3 2.991(3), 3.040(2), 3.116(2) 3.24 3.26 
^1.29^"l .71 ^ °14(^22 3 2.955(2), 3.026(1), 3.091(1) 3.14 3.19 
^1.66^^1.34^°14(^22 3 2.838(4), 3.042(2), 3.103(2) 3.14 3.17 
'^ 2.6®'"0.4'^ °14^22 3 2.84, 3.04, 3.06 na 3.10 
^3^°14^22 3 3.191(1), 3.194(2), 3.234(2) 3.00 3.07 
^Number of Mo octahedra sharing trans edges 
''Number of metal-centered electrons per Mo atom, based on bond valence 
sums^® and formal oxidation states. 
framework is formally 7.81- in the K-Ba member and reported as 8- in Simon's 
cluster. Similar to all the oligomeric members reported, the K-Ba pentameric 
member also contains the anomalously short metal-metal bond distance, 2.676(2) 
for (M08-M0IO'), for the outer octahedral basal to apical edge. 
The average Mo-0 bond distance in the M022 units for K-Ba and the In 
members are nearly identical, at 2.059Â and 2.060Â, respectively. 
Ko^9Ba3 g^Mo22034 does contain two short Mo-O bonds, (Mo11-017) at 
1.91(1)Â and (Mo11-012') at 1.92(1)Â. The former Mo-O bond is on the outer 
octahedron on the side of the cluster not involved in intercluster Mo-O bonding 
and the latter Mo-O bond is on the same octahedron in a basal edge-bridging 
position. These short Mo-O bonds also occur in Simon's MO22 cluster. The two 
longest Mo-O bond distances, 2.14(1)Â for (M011-04') and 2.15(1)Â for 
(Mo6-04), occur in the region of intercluster bonding. 
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The coordination environment for the cations is shown in Figure 3.3. Note 
that 01 in the waist-bridging position of the central molybdenum octahedron, does 
not partal<e in any other bonding since the central cation site is vacant. The outer 
cation site, Ba1/K1, is coordinated by eleven oxygens ranging from 2.65(1 )Â for 
(Ba1/K1-017) to 3.032(9)Â for (Ba1/K1-010), although five of these cation-
oxygen bonds are much shorter than the others. The arrangement of these five 
oxygens is irregular and does not constitute a simple geometric coordination 
sphere. Ba2/K2, the inner cation site, is ten coordinate in oxygen, ranging from 
2.63(1 )Â for (Ba2/K2-013) to 3.010(9)Â for (Ba2/K2-03). However, four of these 
bonds are under 2.7Â, giving a coordination environment in which the cation 
resides at the top of a square pyramid. The four short Ba2/K2-0 bonds are all 
located towards the center of the cation pocket; this location is where the central 
cation vacancy is located, and thus this arrangement is not unexpected. 
Kg^gBag ^°22^34 ^3" be described by the following connectivity formula, 
[M5-x] '^'[(M0220;80i/^0;;%)0i®4';2r. oxygen atoms 03, 06, 07, 09, 010, 011, 
013, 016, and 017 are edge-bridging only within the cluster unit and are labelled 
O'. The oxygen atoms corresponding to O'"' are edge-sharing between 
neighboring clusters, these are labelled 04. Oxygens considered O'"® (or O®"') 
are edge-bridging between molybdenum atoms of one cluster and terminal to 
another molybdenum in a neighboring cluster (or vice versa), these include 01, 
02, 05, 08, 012, 014, and 015. Some of the connectivity can be seen in 
Figures 3.2 and 3.4. 
j Figure 3.3. An ORTEP drawing (70% thermal ellipsoids) of the coordination environment surrounding 





Figure 3.4. An ORTEP drawing (70% tliermal ellipsoids), as viewed down the c 
axis, emphasizing the interconnected metal oxide cluster units found 
in KgjgBag g., [VlOggOg^. Catlon-oxygen bonds are omitted for clarity. 
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Discussion of Properties 
Bond length-bond strength relationships 
The application of bond length-bond strength relationships has provided 
valuable insights into the structure, bonding, and oxidation states of reduced 
molybdenum oxides that have been synthesized in this laboratory.^® The bond 
order for metal-metal bonds can be determined using Pauling's bond order 
equation^^ found in Equation 1, where d(n) is the bond distance for a metal-metal 
d(n) = d(1) - 0.61log(n) (1) 
bond in question and n is the bond order for that metal-metal bond. d(1) is the 
metal-metal distance considered a single bond; for molybdenum this value is 
2.614À, derived from the distance to nearest and next-nearest neighbors in bcc 
molybdenum metal. Bond strengths for Mo-O bonds are calculated from the 
empirical relationship developed by Brown and Wu"*® and given in Equation 2. 
s(Mo-O) = [d(Mo-0)/1.882]-®° (2) 
The bond length, in valence units (v.u), is given by s(Mo-O) and d(Mo-O) is the 
obsen/ed Mo-O bond distance in Angstroms. Since s(Mo-O) is given in valence 
units, the sum of all Mo-O bond valences about a given Mo atom will result in the 
valence (oxidation state) of that atom. 
The numerical values of these calculations are found in Table 3.9. The 
number of metal-centered electrons (MCE) per MO22O34 cluster can be estimated 
from the sum of the metal-metal bond orders (n), and results in 
MCE(2E(En))=74.4(5)e" if all bonds are included, or 72.8(5)e' if the intercluster 
bonds are excluded. The total valence of the pentameric unit, based upon the 
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d(Mo-Mo) n d(M-O) s 
2.832(2) 0.439(3) 2.081(9) 0.547(14) 
2.713(2) 0.688(5) 2.117(9) 0.494(13) 
2.722(2) 0.665(5) 2.031(9) 0.633(16) 
2.610(2) 1.015(7) 2.07(1) 0.565(16) 
2.851(2) 0.409(3) 2.097(9) 0.523(14) 
3.019(2) 0.219f2) Es = 2.76(7) 
En = 3.43(2) 
2.832(2) 0.439(3) 2.03(1) 0.635(18) 
2.833(2) 0.438(4) 2.06(1) 0.582(17) 
2.839(2) 0.428(3) 2.045(9) 0.608(16) 
2.698(2) 0.728(5) 2.07(1) 0.565(16) 
2.827(2) 0.448(4) Es = 2.39(7) 
2.753(2) 0.592(5) 
2.756(2) 0.585(4^ 
En = 3.66(3) 
2.713(2) 0.688(5) 2.07(1) 0.565(16) 
2.833(2) 0.438(4) 2.03(1) 0.635(18) 
2.718(2) 0.675(5) 2.078(9) 0.552(14) 
2.832(2) 0.439(3) 2.049(9) 0.600(15) 
2.734(2) 0.636(5) Es = 2.35(6) 
2.765(2) 0.566(5) 
2.786(2) 0.522(3) 
En = 3.96(3) 
2.839(2) 0.428(2) 2.048(9) 0.602(15) 
2.718(2) 0.675(5) 2.04(1) 0.617(18) 
2.720(2) 0.670(5) 2.07(1) 0.565(16) 
2.838(2) 0.429(3) 2.09(1) 0.533(15) 
2.942(2) 0.290(2) 2.10(1) 0.518(14) 
2.669(2) 0.813/7) Es = 2.83(7) 
En = 3.30(2) 
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Table 3.9. (continued) 
Atom d(Mo-Mo) n d(M-O) s 
Mo5 2.722(2) 0.665(5) 2.042(9) 0.613(16) 
2.832(2) 0.439(3) 2.091(9) 0.532(14) 
2.720(2) 0.670(5) 2.10(1) 0.518(14) 
2.744(2) 0.547(4) 1.97(1) 0.760(23) 
2.827(2) 0.448(4) Es = 2.42(7) 
2.785(2) 0.524(3) 
2.730(2) 0.645(4) 
En = 3.94(3) 
Mo6 2.610(2) 1.015(7) 2.08(1) 0.549(16) 
2.734(2) 0.636(5) 2.15(1) 0.450(12) 
2.774(2) 0.547(4) 2.06(1) 0.582(17) 
2.780(2) 0.534(4) 2.044(9) 0.609(16) 
3.156(2)® 0.129(1) 2.11(1) 0.504(15) 
2.774(2) 0.547(4) Es = 2.69(7) 
En = 3.41(3) 
Mo7 2.851(2) 0.409(3) 2.01(1) 0.674(20) 
2.698(2) 0.728(5) 2.07(1) 0.565(16) 
2.827(2) 0.448(4) 2.10(1) 0.518(14) 
2.838(2) 0.429(3) 2.05(1) 0.599(17) 
2.720(2) 0.670(5) Es = 2.36(7) 
2.743(2) 0.615(5) 
2.775(2) 0.545(4) 
En = 3.84(3) 
Mo8 2.765(2) 0.566(5) 2.10(1) 0.518(14) 
2.780(2) 0.534(4) 2.09(1) 0.533(15) 
3.156(2)® 0.129(1) 2.08(1) 0.549(16) 
2.998(3)® 0.235(3) 2.00(1) 0.694(20) 
2.676(2) 0.791(6) 1.99(1) 0.716(22) 
2.748(2) 0.603(4) Es = 3.01(9) 
3.128(2)® 0.144(1) 
En = 3.00(2) 
^Intercluster Mo-Mo bond distance 
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Table 3.9. (continued) 
Atom d(Mo-Mo) n d(M-O) s 
Mo9 3.019(2) 0.217(2) 2.125(9) 0.483(13) 
2.753(2) 0.592(5) 2.015(9) 0.664(18) 
2.756(2) 0.585(4) 2.01(1) 0.674(20) 
2.942(2) 0.290(2) 1.97(1) 0.760(23) 
2.743(2) 0.615(5) 2.02(1) 0.654(19) 
2.775(2) 0.545(4) Es = 3.23(9) 
En = 2.84(2) 
MolO 2.786(2) 0.522(3) 2.077(9) 0.554(15) 
2.669(2) 0.813(7) 2.05(1) 0.599(17) 
2.785(2) 0.524(3) 2.08(1) 0.549(16) 
2.676(2) 0.791(6) 2.065(9) 0.573(15) 
2.747(2) 0.605(4) 2.06(1) 0.582(17) 
En = 3.26(3) Es = 2.86(8) 
Moll 2.730(2) 0.645(4) 2.03(1) 0.635(18) 
2.774(2) 0.547(4) 2.14(1) 0.463(13) 
2.748(2) 0.603(4) 2.21(1) 0.381(10) 
3.128(2)® 0.144(1) 1.92(1) 0.887(27) 
2.747(2) 0.605(4) 1.91(1) 0.915(28) 
En = 2.54(1) Es = 3.30(12) 
Metal-Metal MCE(En) = 2Z(Zn) = 72.8(5)e' (w/o interciuster bonds) 
Metal-Metal MCE(En) = 2E(En) = 74.4(5)e" (witli interciuster bonds) 
Total valence of Mo^^ unit = 2E(Es) = 60(2) v.u. 
MCE = (6 X 22) - 60(2) = 72(2)6" 
Formalized oxidation states^: (6x22) - (34x2) + (1x0.19) + (2x3.81) = 71.8e" 
"^Six electrons from each Mo and using the following oxidation states: O"^, K"*", 
and Ba"*"^ 
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summation of the individual valences of the molybdenum atoms, derived from 
Mo-O bonds is 2E(Z)s)=60(2)e'. The number of electrons available for metal-metal 
bonding can also be calculated by subtraction of 60(2) from 132 (6x22), the 
maximum number of valence electrons available for twenty-two molybdenum 
atoms. The resulting MCE, based on the bond valences, is 72(2)e~. This value is 
in excellent agreement with the 71.8e' expected, based on the formula and formal 
oxidation states for barium, potassium, and oxygen. 
Using Equation 3 to determine the valence of the barium and potassium 
cations, where d^ (Ba-0)=2.297 and its exponent is -7.0 or d^ (K-0)=2.276 and its 
exponent is -9.1, gives a value of 2.71(6) for Bal and 1.66(5) for K1, or 1.29(4) 
s(M-O) = [d(M-0)/d^(M-0)]-'^  (3) 
for K1 if individual bond valences under 0.1 are excluded. The bond valence 
sums around Ba2 totalled 2.47(6) and K2 was 1.54(5) or 1.12(4) if the individual 
bond valences under 0.1 are excluded. Both values are above the expected +2 
value for barium, however, similar results were obtained for the n=1 cluster, 
BaMOgO^O^"^ (2 6), the n=2 cluster, BagMo^gO^g^ (2.78(9)), and the n=4 cluster, 
BagMo^gOgg valence sums at 2.56(8) and 2.34(5). The high valence derived for 
the potassium cations is not unexpected since bond valence sums for the two 
unique potassiums in KglVlo^^Ogg also gave high values of 1.32 and 1.45. 
Secondly, because the low concentrations of potassium in the cation sites of the 
pentameric member result in cation-oxygen bond distances that are essentially 
based on the barium oxygen bond distances, reliable sums were not expected. 
Perhaps, the values derived for potassium are reasonable only because the 
d^ (K-O) and d^ (Ba-O) are nearly equivalent. 
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Magnetic susceptibility 
The magnetic susceptibility of Kq igBag 81MO22O34 was measured on 
selected crystals. The data were corrected for diamagnetic core contributions, 
based on the formula determined by the single crystal refinement, using values 
for individual ions reported by Selwood.^® The molar susceptibility for this 
oligomer is displayed in Figure 3.5. The susceptibility levels off at -4000x10"® 
emu/mol from 56-356 K. This results in a residual susceptibility, due to 
temperature independent paramagnetism, Xjip- of about 180x10"® emu/Mo. The 
tail from 6-46 K can be fit by the Curie-Weiss relationship and corresponds to a 
moment of 0.17 |Xg. The measured moment is too low for the expected one 
unpaired electron for every five formula units (0.77|Xg) based upon formal electron 
counting. The observed paramagnetic tail most likely arises from an impurity, an 
electron trapped on a cluster, or a defect within a cluster. This material was 
taken from the same reaction product that yielded the microprobe results. 
Electron spin resonance 
Electron spin resonance spectra were obtained on the exact material that 
was used for magnetic susceptibility measurements. The ESR spectrum, taken at 
105 K, corresponds to the material whose magnetic data are shown in Figure 3.5 
and can be seen in Figure 3.6. This figure shows two peaks which overlap 
slightly. Their differing peak shapes would seem to indicate that they arise from 
different electronic events. The signal at lower field also has noticeable nuclear 
hyperfine splitting due to ®®Mo and ®^Mo (1=5/2). This material was also 
examined at 7 K, and no significant change in the peak width or signal to noise 
ratio was observed. However, the hyperfine splitting of the Mo was resolved 
better. Even at 7 K neither signal could be power saturated, but some 
broadening did occur. This result indicates that a very fast relaxation rate 
dominates the behavior. The ESR results would appear to support the presence 
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Figure 3.6. ESR spectrum at 105 K for Kg^gBag g^Mo22034. 
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CONCLUSIONS 
The synthesis of Kg^gBag Mo220g^, the n=5 oligomer, can be achieved in 
the form of crystals. Bulk synthesis of this phase has not been realized. Based 
upon the single crystal x-ray structure refinement, the clusters in this phase are 
isostructural to the n=5 clusters found in Simon's In^ l^Vlo^gOgg-^^ The dominant 
features of Kg^gBag q^M022O34 include four short and four long apical-apical Mo 
bond distances, relatively long intercluster metal-metal distances, and 
interconnections which have a stair-step arrangement from one MO22 unit to the 
next. Bond valence sums around the molybdenums (72(2)e") are in good 
agreement with the value derived from formal oxidation states (71.8e'). Bond 
order sums, excluding intercluster metal-metal interactions (72.8(5)e") are nearly 
within two standard deviations of the formally derived electron count. The net 
composition of the crystals appears to be consistent within a given reaction 
product, although there is no evidence indicating that this phase is a line 
compound. The difficulties encountered during the single crystal structure 
refinement may indicate intergrowth of oligomers having various chain lengths, 
with a majority of the domains being MO22 segments. The nearly consistent a 
and b lattice parameters throughout the oligomeric series make intergrowth a very 
real possibility. Kq -tgBag g^Mo220g4 appears to be a diamagnetic material with a 
small paramagnetic tail at low temperatures and a significant residual %j|p above 
50 K. This result is not consistent with formal electron counting methods, and 
implies that the underlying difficulty related to the net observed composition 
versus the real arrangement of cations and their electron transfer to the metal 
clusters within given domains, is not completely understood. ESR indicates that 
the paramagnetic tail may be arising from a number of impurities, defects, or 
noncluster molybdenums on which electrons are trapped. 
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SECTION 4 
SYNTHESIS AND CHARACTERIZATION OF Tig siFe^ 69WIO4O7: 
A MATERIAL CONTAINING CLOSEST-PACKING OF 
INFINITE CHAINS OF OCTAHEDRAL MOLYBDENUM CLUSTERS 
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INTRODUCTION 
The synthesis of analogous members In the series M2MO4O7 was 
undertaken in order to gain a better understanding of the relationship between the 
number of electrons available for metal-metal bonding and the distortions 
observed in the metal framework. In particular, the Ti-Fe-Mo^Oj system was 
reexamined because work performed by Lii^ ® had shown that such a phase did 
exist. However, it was only prepared at 1450°C, which resulted in a 
microcrystalline powder. Six members of this series previously have been 
prepared and their structures determined by single crystal x-ray refinements: 
.25^°4^7' .89^°4.11 ^ 7' 
'^0.4l'^ ®l.5l'^ °4.08^7' Alg gZn^ Furthermore, preliminary 
investigation of the Fe^ 09MO4 member via electron microscopy did reveal a 
complicated, yet, ordered superstructure. It was anticipated that synthetic efforts 
directed towards a quaternary member of the M04O7 phase, one which contained 
iron, might also have an ordered superstructure. The synthesis of 
Tig Fe^ gglVlo^Oy is a new combination of two cations which had been used 
separately in four other members, and most likely the phase initially observed by 
Lii. The synthesis and characterization of Tig 31 .69^°4^7 powder and 
single crystal x-ray diffraction, magnetic susceptibility, x-ray photoelectron 
spectroscopy, and bond order/bond valence arguments will be discussed. 
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EXPERIMENTAL 
Materials and Methods 
The synthesis of oxides containing molybdenum in relatively low oxidation 
states requires that the oxygen content be controlled stoichiometrically. 
Therefore, all reactions were carried out in evacuated (-2x10'® torr) molybdenum 
tubes. The molybdenum tubes were sealed in fused silica protective jaci<ets for 
reactions below 1300°C. For reactions above 1300°C the molybdenum tubes 
were suspended directly in a high temperature, tungsten filament vacuum 
furnace. 
The starting reagents included TiOg, FegOg, MoOg, and Mo. The titanic 
oxide (Fisher Certified, 99.83%) and ferric oxide (J.T. Baker, "Baker Analyzed", 
99.2%) were used directly from the bottles. Molybdenum trioxide was fired at 
520°C overnight in an open crucible and then cooled over desiccant. 
Molybdenum powder (Aldrich, 99.99%) was dried under dynamic vacuum at 
120°C overnight. The molybdenum containing reagents were stored in a 
desiccator. Molybdenum tubing (Thermoelectron Corp., 99.97%) was cleaned by 
heating at 950°C for five hours under a flowing hydrogen atmosphere. After 
cooling to room temperature under hydrogen, the tubing also was stored over 
desiccant. All reactants were thoroughly ground together to produce a 
homogeneous mixture and subsequently stored in a desiccator. 
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Physical Measurements 
X-ray powder diffraction 
An Enraf Nonius Delft FR552 triple focusing Guinier x-ray powder diffraction 
camera was used with Cu KoL, radiation {k = 1.540562Â) generated from an AEG 
fine focus tube powered by a General Electric XRD-5 generator. National Bureau 
of Standards silicon powder was used as an external standard. 
Magnetic susceptibility 
The magnetic properties were examined on an as-synthesized pellet 
fragment with a Quantum Design SQUID magnetosusceptometer. The pellet 
fragment was tied into a polyethylene straw with dental floss. Neither the floss 
nor the straw made any significant contribution to the magnetic signal over the 
temperature range used. 
Scanning electron microscopy 
A Cambridge S-200 scanning electron microscope was employed for 
qualitative elemental analysis using a Tracor Northern Micro Z-ll energy 
dispersive spectrometer (EDS) with a beryllium window. Powdered samples 
and/or crystals were loaded onto a metal disk via Scotch double-stick tape and 
sputter-coated with gold to improve their conductance. 
Transmission electron microscopy 
A Philips CM30 transmission electron microscope was used to determine the 
presence or absence of any superstructure ordering. An approximate one to one 
mixture of microcrystalline sample and G-1 Epoxy from Gatan was placed 
between lens paper, pressed between aluminum plates, and cured at 120°C for 
ten minutes. A three millimeter disk was punched out, thinned to -20 |xm by 
dimpling, put on a 200 mesh copper grid for support, and subsequently ion milled 
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until a hole was observed. The sample and supporting grid assembly were 
subsequently loaded into the TEM sample holder for investigation. 
Microprobe analysis 
Elemental analyses were completed by Dr. Alfred Kracher (Department of 
Geological and Atmospheric Sciences) on an ARL SEMQ microprobe. The 
instrument was equipped with wavelength dispersive spectrometers (WDS) and 
operated at 15 kV and 25 nA. Samples were mounted in Epo-Tek 301-2 epoxy 
resin, dried, and polished to produce a flat surface. Prior to examination, the 
samples were sputtered with carbon to insure conductivity. Peak profiles and 
backgrounds were measured for the standards, which included FeTiOg, FegSiO^, 
and MoOg. Data were analyzed using Probe®® software. 
X-ray photoelectron spectroscopy 
XPS spectra were collected by James Anderegg at room temperature with a 
Physical Electronics Industries 5500 multitechnique surface analysis system. This 
system was equipped with a hemispherical analyzer, a toroidal monochromator, 
and multichannel detector which sampled a two mm^ area. The samples were 
placed on an indium substrate and excited with monochromatic AI Ka radiation 
(1486.6 eV) at 300 watts. The binding energies were calibrated by using the 
C 1 s band at 284.6 eV arising from adventitious carbon. 
Synthesis 
The title phase, Tig g^Pe^ gglVlo^Oy, was initially discovered In a reaction to 
prepare Tig gFe^ 5M04O7. Stoichiometric quantities of TiOg, FegOg, M0O3, and 
Mo were thoroughly ground together, pressed into a pellet, and loaded into a 
molybdenum tube that was subsequently electron beam welded under reduced 
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pressure. The sample was fired in a vacuum furnace at 1530°C for 48 hours. 
The contents were then cooled to 1200°C over three hours, to 800°C over 90 
minutes, and finally furnace cooled (to lOO'C in approximately one hour). The 
outer surface of the pellet was covered with small, black crystals, from which a 
single crystal for data collection was selected. Crystals that were large enough to 
have a distinct shape had the typical dipyramidal morphology reported by Lii. '^* 
SEM EDS indicated that molybdenum, iron, and titanium were present in the 
crystals. 
Pure Tig s^Fe^ gglVlo^Oy could be prepared in the following manner. The 
same reagents listed above were used in a stoichiometric ratio determined by the 
single crystal refinement and verified by microprobe analyses. The thoroughly 
ground and pelletized reagents were loaded into a molybdenum tube, evacuated, 
fired at 420°C for two hours under dynamic vacuum, and then subsequently 
electron beam welded under reduced pressure. The sealed tube was then loaded 
into a fused silica ampoule, as a protective jacket, before firing at 1300°C for 48 
hours, followed by 1250°C for six more days. The reaction vessel then was 
cooled about 50°C/hour to 500°C, at which time it was furnace cooled (overnight 
to get to room temperature). The crystal size was very small from this reaction, 
but powder diffraction indicated a rather high degree of crystallinity. A Guinier 
powder pattern indicated that only Tip 3^ Fe^ gglVlo^Oy, was present. Magnetic 
susceptibility data were also collected on material from this reaction. 
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X-ray Powder Diffraction 
The observed versus calculated d-spacings and relative intensities are given 
in Table 4.1. A least squares fit of the observed reflections gave the following 
unit cell parameters: a=6.010(5)Â, b=5.765(3)Â, and c=16.954(11)Â. The 
calculated d-spacings were derived from the lattice parameters determined by 
single crystal indexing. All d-spacings are based on Cu Koc^ radiation. 




8.535 8.454 s 002 
5.679 5.651 s 101 
2.956 2.945 m 105 
2.887 2.873 w 020 
2.832 2.825 w 202 
2.731 2.720 w 022 
2.569 2.561 m 121 
2.456 2.445 w 204 
2.385 2.376 m-b 024 
2.363 2.354 m 123 
2.119 2.113 w 008 
2.080 2.074 m-b 220 
2.060 2.056 w 125 
2.018 2.014 w-b 222 & 026 
^Intensity: s=strong, m=medium, w=weak, and b=broad 
^Refined orthorhombic cell parameters determined from single crystal indexing: 
a=5.996(4)Â, b=5.745(4)À, and c=16.907(7)Â 
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X-ray Single Crystal Data Collection 
A small, black, irregularly shaped crystal was taken from the edge of the bulk 
pellet. The crystal, having the dimensions 0.06 x 0.05 x 0.03 mm®, was mounted 
on a glass fiber by using Devcon epoxy cement with a five minute setting time. A 
Rigaku AFC6R rotating anode diffractometer was used with graphite 
monochromated Mo Ka radiation (A,=0.71069Â) at 7 kW. Lattice parameters and 
an orientation matrix for data collection were derived from 8 randomly located and 
centered reflections with a two theta range of 13-18". The lattice was determined 
to be body-centered orthorhombic with cell dimensions: a=5.996(4)Â, 
b=16.90(1 )Â, c=5.746(3)Â, and volume=582.3(7)Â®. Three standard reflections 
were measured every 150 reflections and showed no apparent variation in 
intensity during the data collection. The final idealized cell with the following 
lattice parameters: a=5.996(4)Â, b=5.745(4)Â, c=16.907(7)Â, and 
volume=582.4(6)Â® was calculated after transforming the data. Data were 
collected at room temperature from 0 to 50® in two theta using an o>-20 scan 
mode. Only data with h+k+l=2n in the octants (h,±k,l) were collected, due to the 
body-centering symmetry. The number of reflections measured was 628, of 
which 468 were observed and 231 were unique with l>3.5a(i). The linear 
absorption coefficient for f^o Ka was 124.57 cm'\ An empirical absorption 
correction^® was applied based upon azimuthal scans of 3 reflections with an 
average transmission range of 0.9074-1,000. The intensity data were corrected 
for Lorentz and polarization effects. 
Structure Solution and Refinement 
The space group Imma (#74) was chosen based upon the systematic 
absences of hkO: k;62n and hkl: h+k+l?i2n: there was only one violation, the (110) 
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reflection, which was located near the very intense (220). This observation would 
most likely arise from %J2 radiation and can be validly discarded. The structure 
was solved by direct methods using SHELXS®^ (R=0.046) and refined on I F| by 
full matrix least squares techniques^® with the TEXSAN®® package. 
Based upon the lattice parameters and Laue information obtained, this phase 
was presumed to be isostructural to materials prepared by Brough and Lii.^ '^^ ® 
Initial atomic positions were taken from Fe^ ggM04^^07.^® Appropriate positional 
and thermal parameters were varied. The octahedral metal site, M2 (M=Fe or Ti), 
was refined as a combination of titanium and iron, this refinement converged with 
occupancies at 31 (3)% Ti and 69(3)% Fe. 
Microprobe analyses on five different grains indicated a composition of 
'^0.271(9)'^ .034'^ ®1.695(4)'^ °4^7' Similar to the single crystal refinement. 
Two further pieces of evidence that suggested molybdenum did not reside. In 
part, on the octahedral metal sites, are the nearly 2:1 mole ratio of Mo to Ti and 
Fe cations, and the weight percent of all elements, which totaled 100.58%. 
Because microprobe analyses indicated that there might be a small percentage of 
vacancies, structural refinements were carried out by allowing the total occupancy 
of the octahedral metal site to vary. These refinements indicated vacancies were 
not present. 
A secondary extinction correction was applied and refined to 4.5(2)x10"®. 
The temperature factors for both molybdenum and iron were refined 
anisotroplcally. The anisotropic temperature factor of the lighter titanium was 
fixed to the same values determined for the iron residing on the same site. Three 
out of four oxygen atom thermal parameters were refined anisotroplcally. 
However, the values obtained for the thermal parameters of all the oxygens are 
not well behaved. This situation also occurred for some of the thermal 
parameters of oxygens in previously prepared members.^® There is no 
convincing evidence to discern the correct interpretation of these anisotropic 
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thermal parameters. The final refinement converged at R=0.0291 and 
R^=0.0346. A final electron difference map indicated the largest peak of 
1.3 e/Â®, located about 1.6Â from Mo2. The smallest peak of -1.3 e/Â®, was 
located 1.4Â from 04, the oxygen atom whose thermal parameters would not 
refine anisotropically. 
Details of the data collection and refinement for TIq 3^ Fe^ .69^°4^7 given 
in Table 4.2. Final positional parameters and isotropic temperature factors are 
given in Table 4.3. Anisotropic temperature factors are listed in Table 4.4. 
Selected bond distances and bond angles are found in Tables 4.5 and 4.6, 
respectively. 
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calculated density, g/cm® 
FOOO 
crystal size, mm® 
|x(Mo Ka), cm'^  
diffractometer 
A,, Â, grapiiite monochromator 
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two ttieta range, degrees 
scan mode 
No. reflections collected 
No. observations (l>3.5a(l)), (unique) 
No. variables 
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max. sliift in final cycle 



























^Quality of fit = [ Ea>l Fj -I Fj 1 
"R.aiFj^Fjl /aFJ 
°R^ = [ Ecod Fj -I Fj )2/Ed Fj pj } 
1/2 
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Table 4.3. Atomic coordinates for Tig Fe^ gglVlo^Oy 
Atom Wyckoff # X Y Z 
Mol 8h 0.5 0.4912(4) 0.88898(7) 0.88(6) 
Mo2 8i 0.2685(2) 0.25 0.00324(8) 0.54(5) 
Fel 4e 0.5 0.25 0.6928(2) 1.1(1) 
Fe2/Ti2 ^  4d 0.75 0.75 0.75 0.8(2) 
oi 4a 0.0 0.0 0.0 1.0(6) 
02 8i 0.251(2) 0.25 0.8827(5) 1.2(5) 
03 Si 0.740(2) 0.75 0.8750(6) 1.3(5) 
04 8h 0.5 0.517(2) 0.7635(6) 0.8(2) 
®The equivalent isotropic temperature factor, Bg_, is defined as 
{EjEj(Ujja^a*- j^- j^)}, where the summations of i and j range from 1 to 3 
^he 4d site is fully occupied, 31(3)% Ti and 69(3)% Fe 
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Table 4.4. Anisotropic temperature factors® (Â^xlO®) for TÎq g^Fe.| QQMo^O-/' 
Atom Ui1 U22 ^33 U12 Ul3 ^23 
Mo1 6.6(7) 22.4(8) 5.6(6) 0.0 0.0 0.4(6) 
Mo2 8.1(7) 7.1(7) 5.3(6) 0.0 -0.1(8) 0.0 
Fel 15.(2) 17.(2) 9.(2) 0.0 0.0 0.0 
IVI2^ 10.(2) 12.(2) 10.(2) 0.0 4.(2) 0.0 
oi 3.(7) 18.(8) 15.(7) 0.0 0.0 -1.2(8) 
02 27.(8) 3.(6) 14.(6) 0.0 3.(7) 0.0 
03 20.(7) 19.(7) 9.(5) 0.0 4.(6) 0.0 
04° 11.(2) 
®The coefficients Ujj of tlie anisotropic temperature factor expression are defined 
as exp(-2jt^(a*^U^^h^+b*^U22k^+c*^U33i^ +2a*b*U^2'^ '^ +2a*c*U^3hl+2b*c*U23kl)) 
^Fe2 and Ti2 reside on the same position, M2. Fe2 was refined anisotropicaliy 
and Ti2 was set to equivalent values. 
°04 would only refine isotroplcally 
Table 4.5. Selected bond distances (Â) for Tig 3^Fe^ ggMo^Oy® 
M0I-M0I' 2.772(5) Mol'-Mol 2.973(5) 
M0I-M02 2.753(2) (x2) Mo1-Mo2' 2.731(2) (x2) 
Mo2-Mo2" 2.875(2) (x2) Mo2-Mo2' 2.776(3) 
Fe2-Fe2' 2.998(2) (x2) M0I-O2 2.040(9) (x2) 
M0I-O3 2.082(8) (x2) M0I-O4 2.13(1) 
M02-OI 2.158(1) (x2) M02-O2 2.040(9) 
Mo2-03 2.06(1) Fel-02 1.97(1) (x2) 
Fel-04 1.94(1) (x2) Fe2-03 2.11(1) (x2) 
Fe2-04 2.023(8) (x4) Mo1-Fe2 3.159(2) (x2) 
®Atoms with primed numbers are related to those with unprimed numbers by 
mirror symmetry 
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Table 4.6. Selected bond angles® (degrees) for Tig 31 Fe^ .69^°4^7^ 
Mo1-Mo1'-Mo1' 180.0 Mo1-Mo1'-Mo2 59.77(4) (x2) 
M02-M0I -Mo2' 93.56(6) (x2) Mo2-Mo1-Mo2' 61.10(7) 
M0I-M0I '-Mo2 57.02(4) Mo2-Mo1-Mo2' 63.23(5) (x2) 
M0I-M0I '-04 86.0(3) M02-M0I-O2 93.6(3) 
Mo2-Mo1 -03 95.2(3) Mo2-Mo1-Mo2' 60.55(7) 
O2-M0I-O4 89.7(3) (x2) O3-M0I-O4 80.6(4) (x2) 
O2-M0I-O2 94.1(5) O2-M0I-O3 170.0(4) (x2) 
O2-M0I-O3 88.5(3) (x2) 03-Mo1-03 87.4(5) 
M0I-M02-M0I' 60.45(9) M0I-M02-M0I' 86.44(6) (x2) 
Mo1-Mo2-Mo2' 58.01(5) (x2) Mo1-Mo2-Mo2' 59.73(3) (x2) 
M0I-M02-M0I' 65.97(9) Mo1-Mo2-Mo2' 58.76(5) (x2) 
Mo1-Mo2-Mo2' 59.45(4) (x2) Mo2-Mo2'-Mo2" 90.0 (x4) 
Mo2-Mo2'-Mo2' 180.0 Mo2-Mo2'-Mo2' 175.6(1) 
Mo2-Mo2'-02 87.82(5) (x2) Mo2-Mo2'-03 92.19(5) (x2) 
M0I-M02-OI 91.94(5) (x2) Mo2-Mo2'-02 93.0(3) 
Mo2-Mo2'-03 91.4(3) Mo2"-Mo2'-02 87.0(3) 
Mo2-Mo2'-03 88.6(3) OI-M02-O2 86.3(3) (x2) 
OI-M02-O3 90.4(3) (x2) OI-M02-O4 83.44(7) 
O2-M02-O3 175.6(5) Fe2'-Fe2-Fe2' 180.0 
04-Fe1-04 104.1(7) 02-Fe1-04 113.4(2) (x4) 
02-Fe1-02 99.3(6) 04-Fe2-04 82.9(5) (x2) 
02-Fe2-04 97.1(5) (x2) 03-Fe2-04 82.3(4) (x4) 
03-Fe2-04 97.7(4) (x4) 03-Fe2-03 180.0 
Mo2-O1-Mo2' 96.49(7) (x2) Mo2-01-Mo2' 83.51(7) (x2) 
Mo1-02-Mo1' 85.6(5) M0I-O2-M02 84.9(4) (x2) 
M0I-O3-M0I' 91.1(5) Mo1-03-Mo2 82.5(3) (x2) 
M0I -03-Fe2 97.7(4) (x2) Mo2-03-Fe2 179.8(7) 
M0I -04-Fe2 99.1(4) (x2) Fe2.04-Fe2' 95.6(5) 
^Angles containing Fe2 are equivalent to angles for Ti2 
^Atoms with primed numbers are related to those with unprimed numbers by 
mirror symmetry 
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RESULTS AND DISCUSSION 
Description of Structure 
The M2M04O7 phases can be described as closest packing of molybdenum-
oxide cluster chains, [Mo^O^]^", in such a manner that tetrahedral and octahedral 
sites are created. The cations reside in these two coordination environments. 
Compounds that have been previously characterized have octahedral sites filled 
by a combination of cations, including Fe, Zn, Sc, Ti, AI, and/or Mo. Tetrahedral 
sites in these known materials have been filled by only two cations, Fe or 
The Tig Fe^ .69^°4^7 structure, as viewed in Figure 4.1, can also be 
described in terms of layers. The first layer contains infinite metal oxide chains 
consisting of trans edge-sharing molybdenum octahedra, bridged on the edges by 
oxygen atoms. The chains then are interconnected via oxygens that bridge the 
basal plane edges of the octahedra. These oxygens thus are centered between 
four molybdenum atoms and are essentially coordinated in square planar 
geometry. The next layer contains metal-centered oxygen octahedra that share 
trans edges and run orthogonal to the infinite metal-metal bonded Mo chains. 
This octahedral site, M2, was refined with occupation by both iron and titanium. 
The layers are then repeated by using the body-centering operation. Also, iron 
atoms fill sites tetrahedrally coordinated by oxygen between each of the 
orthogonal layers described above. These four oxygens consist of two edge-
bridging atoms in the chains and two terminal atoms in the chains. 
The infinite chains of trans edge-shared molybdenum octahedra have many 
interesting characteristics. The apical-apical bonding between molybdenum 
atoms (M0I) are arranged in an alternating short-long fashion with (M0I-M0I') at 
2.772(5)Â and (Mo1'-Mo1) at 2.973(5)Â. The length of this bioctahedral subunit 
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constitutes the repeat distance in the b direction. In addition, the short apical-
apical bond alternates from the top of the chain to the bottom of the chain, as 
followed parallel to the b axis. This alternating bond arrangement between apical 
molybdenum atoms can be described as a tilting of the octahedra. In this 
respect, the dihedral angle in the basal plane molybdenums is 175.6° for 
(Mo2-Mo2'-Mo2), For the bonds corresponding to the shared edges of the 
octahedra a bond distance of 2.776(3)Â (Mo2-Mo2') is observed. The basal to 
apical molybdenum bond distances are shorter than those found in NaMo^Og and 
the basal Mo-Mo bond distances parallel to the chain are also longer. These 
results are detailed in Table 4.7. The closest intercluster Mo-Mo bond distance is 
3.220(3)Â for basal plane molybdenum atoms in two adjacent chains. 
Both cation sites are slightly distorted from their ideal tetrahedral or 
octahedral coordination. Pel has O-Fel -O bond angles ranging from 99.3(6)° to 
113.4(2)° for the tetrahedral cavity. M2, the combination of Ti and Fe, has apical 
oxygens located 180° apart, but the interior angles around M2 vary from 82.9(5)° 
to 97.7(4)°. 
'^o.3l 69'^ °4^7 can be more descriptively formulated as 
I°(Tio.62'^ ®l.38)*^®2][(^°6^°4/2( l^2/2(^4)^4]' whlch takes into account the 
doubling in the b axis due to the tilting interactions between molybdenum 
octahedra. *M and °M denote tetrahedral and octahedral ternary metal sites, 
respectively. Oxygens labelled as O' correspond to 02 and 03, which bridge 
edges of the molybdenum octahedra within any one infinite chain. 02 is also 
shared with a *M and 03 is shared with a °M. Oxygens defined as O'"' constitute 
the group of 01 's that bridge the basal edges and interconnect the neighboring 
infinite chains of molybdenum octahedra. These oxygens are not coordinated by 
any other metals and are therefore found in a nearly square planar geometry. 
Apical molybdenums are capped by 04 which are shared with the ternary or 
quaternary cation, and are labelled O®. 
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Table 4.7. Metal-metal bond distances for seven M2MO4O7 compounds® 
Compound M0I-M02'' Mo2-Mo2° Mol-Mol'' Z® MCË 
Scq ysZni 25MO4O7 2.748/2.782 2.817/2.886 2.629/3.136 174.0 14.5 
Fei 89M0411O7 2.752/2.760 2.778/2.890 2.771/3.006 176.0 14.4 
2.742/2.756 2.784/2.893 2.791/2.991 176.1 14.4 
2.755/2.759 2.792/2.887 2.740/3.028 175.4 14.3 
'^0.3l'^ ®1.69'^ °4^7 2.731/2.753 2.776/2.875 2.772/2.973 175.6 14.2 
AI0.4iFGl.5iMO4.08O7 2.750/2.756 2.778/2.879 2.728/3.027 175.8 14.1 
AI0.5Zni.4MO4.1O7 2.742/2.762 2.772/2.882 2.82/2,95 176.9 na 
®The associated distances in NalVlo^Og are: (Mo1-Mo2) at 2.780A, (Mo2-Mo2) at 
2.753Â & 2.862Â, and (M0I-M0I) at 2.862Â 
^Mo(apical) to Mo(basal) bond distances 
®Mo(basal) to Mo(basal) bond distances, _L/|| to the chain direction, respectively 
^Mo(apical) to Mo(apical) bond distances 
^Dihedral angle between basal planes of adjacent octahedra 
^Number of electrons available for metal-metal bonding per M04O7, based on 
Es(Mo-O) 
Preliminary investigation of Tigg^Fe^ ggMo^Oy indicated no superstructure 
was present in the [100] and [110] zone axes. However, lower order zone axes, 
such as the [320] show a tripling in the c axis. This diffraction has not been 
checked by centered dark field to determine if it is real or due to double 
diffraction. 
157 
Discussion of Properties 
One goal of synthesizing the M04O7 compounds with various cations was to 
determine how the number of electrons available for metal-metal bonding affected 
the structural framework. In particular, one must know the oxidation states of the 
cations. In this case, titanium could be Ti(ll), Ti(lll), or Ti(IV), and iron could be 
Fe(ll) or Fe(lll). More insight into the correct oxidation states for these cations 
was gained by using bond length-bond strength relationships, measuring the 
magnetic properties, and obtaining XPS measurements on TIq 3^ Fe^ .ggMOjOy. 
Bond length-bond strength relationships 
The numerical values that were calculated from the bond length-bond order 
relationships, as discussed previously in Section 1, are found in Table 4.8 for 
'^0.31 69^°4^7' The summation for the metal-centered electrons (MCE) 
included apical-apical interactions. The number of electrons available for metal-
metal bonding using Pauling's bond order equation^® and summing over all the 
metal-metal bonds in the formula unit, (2E(En)), Is 14.1 (1)e". Alternatively, the 
number of electrons available for metal-metal bonding can be derived from an 
empirical bond valence sum for all Mo-O bonds around the molybdenum atoms.'^ ® 
This results in 14.2(2)e' per formula unit. The agreement between these two 
calculated values may be fortuitous. Previous bond strength analyses of nearly 
all ternary and quaternary reduced molybdenum oxides, in which the oxidation 
state of the cation is well established, has shown that the results derived from the 
Mo-O bond valence sums are more reliable than those derived from Pauling's 
bond order sums.''*^®'^ ®''''^ ® This discrepancy is strikingly evident in most of the 
M2M04O7 phases.^® And the problem is compounded in this system when the 
oxidation states of the cations are unknown. The more reliable bond valence 
sums are tabulated in Table 4.7. Note that there is no direct correlation between 
the number of MCE and any set of bond distances, as has been observed in the 
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Table 4.8. Bond length-bond strength relationships for Tig Fe^ .69^°4^7 
Atom d(Mo-Mo) n d(M-O) s 
M0I 2.772(5) 0.551(10) 2.13(1) 0.476(13) 
2.973(5) 0.258(5) 2.040(9) (x2) 0.617(17) 
2.753(2) (x2) 0.592(4) 2.082(8) (x2) 0.546(13) 
2.731(2) (x2) 0.643(5) Es = 2.80(7) 
En = 3.28(3) 
Mo2 2.753(2) (x2) 0.592(4) 2.040(9) 0.617(17) 
2.731(2) (x2) 0.643(5) 2.06(1) 0.582(18) 
2.875(2) (x2) 0.373(3) 2.158(1) (x2) 0.4400(13) 
2.776(3) 0.543(6) Es = 2.08(4) 
En = 3.76(3) 
Fe1 (calculated as Fe(ll)) 
Fe2 (calculated as Fe(lll)) 
Ti2 (calculated as Ti(III)) 
1.94(1) (x2) 0.593(17) 
1.97(1) (x2) 0.545(15) 
Es = 2.27(6) 
2.023(8) (x4) 0.482(10) 
2.11(1) (x2) 0.379(10) 
Es =2.69(6) 
2.023(8) (x4) 0.528(11) 
2.11(1) (x2) 0.424(10) 
Es =2.96(6) 
MCE (En) = 2E(En) = 14.1 (1)e" 
Total valence of the M04 unit = 2E(Es) = 9.8(2)e" 
MCE = (6x4)- 9.8(2) = 14.2(2)e' 
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oligomeric series, IV]n.xl^ 04n+206n44'^ '^ ^^ 
For tlie estimation of the oxidation state of the iron and titanium atoms the 
empirical bond valence equation (Equation 1) developed by Brown and Wu^® was 
used with R(1) and (N) = 1.764Â (5.5), 1.780Â (5.7), 1.789Â (5.2), and 1.806Â 
(5.2) for Fe"*"^, Fe"*"®, Ti+^, and Ti+^, respectively. 
s(cation-O) = [R(cation-0)/R(1 )]"'^  (1 ) 
Based upon Equation 1, the final bond valence sums around each of the cations 
are as follows: Fe1(as +2) = 2.27(6), Fe1 (as +3) = 2.35, Fe2(as +2) = 2.63, 
Fe2(as +3) = 2.69(7), Ti2(as +3) = 2.96(7), and Ti2(as +4) = 3.11 valence units. 
Based upon these calculations, Fel, the tetrahedrally coordinated cation, appears 
to be essentially Fe(ll). Extensive bond valence analyses of oxides known to 
contain Fe(ll) in tetrahedral sites has shown values ranging from 1.95-2.25.^® 
Because titanium and iron reside on the same octahedral cation site, the actual 
M-O bond distances are not observed, but rather a weighted average based on 
the two cations. This condition inherently gives rise to bond valence sums that 
must be interpreted cautiously. Bond valence sums on oxides with titanium in 
octahedral sites, which are fully occupied, have shown that Ti(IV) ranges from 
3.58-4.03 and Ti(III) varies from 2.95-3.17.^® The calculated value of 2.96 for Ti2 
in TIq 3^ Fe^ ggMo^Oy may be fortuitous, considering its low occupancy, however 
the separation observed between the known Ti(lll) and Ti(IV) compounds is 
significantly large. Similar bond valence sums for iron in fully occupied octahedral 
sites of known oxides were also calculated by Lli.^® These values ranged from 
1.91-2.67 for Fe(ll) and from 2.82-3.22 for Fe(lll). The bond valence sum of 2.63 
for Fe2 (as Fe(ll)) and 2.69 (as Fe(lll)) in Tig Fe^ gglVlo^Oy indicate that no 
reasonable assignment of an integral oxidation state can be made in this case. 
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Finally, a general comment should be made about the bond valence 
approach using this empirical method developed by Brown and Wu. Note that the 
cationic oxidation states determined using the parameters for any one element in 
a variety of oxidation states did not result in significantly different values. This 
observation would imply that this empirical approach should be generalized to any 
oxidation state, as well as any coordination number. This approach was verified 
for molybdenum oxides by Bart and Ragaini.®° 
X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy was used to shed more light on the 
situation of the cationic oxidation states. TiOg and T^C^ were used as titanium 
references. They each had a pair of peaks arising from the 2p®^^ and the 2p^^^: 
459.2 and 465.0 eV for TIO2 and 457.0 and 462.7 eV for TigOg. The 
Tig 3^ Fe^ gglVlo^Oy used for XPS had been synthesized as a pressed pellet and 
stored in a vial without any special precautions. The sample was ground and 
loaded for XPS measurements in a drybox with an argon environment within three 
weeks of the initial synthesis. The Tig g^Fe^ ggl\^o^Oy had corresponding Ti 
peaks at 458.3 and 464.0 eV, values between Ti(lll) and Ti(IV). The value 
reported for FeO was 709.2 eV.®^ The 2p®^^ and 2p^^^ peaks for Fe^Og were 
located at 710.7 eV and 724.3 eV, respectively.®^ The XPS for iron in 
T '^o.3l^ ®1.69^°4^7 was fit with six peaks, three pairs of 2 '^^  and 2p '^'^ , as 
viewed in Figure 4.2. The peaks, 2p®^^ and 2p '^'^ , respectively, were located at 
709.0 and 722.2 eV, 711.1 and 724.3 eV, and 715.6 and 728.8 eV. These peaks 
can be understood as Fe(ll), Fe(lll), and a pair of satellite peaks, respectively. 
The satellite peaks may be the result of the so-called "shake-up" interaction, in 
this situation, a transition from O 2p to Fe 3d. Such "shake-up" interactions 
generally arise when surfaces exhibit an affinity for excess oxygen or 
nonstoichiometry.®® The molybdenum XPS peaks were in the range expected for 
w 
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Figure 4.2. Fe 2p core x-ray photoelectron spectrum fit with three pairs of peaks. 
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a reduced molybdenum oxide with Mo 3d®^^ and Mo 3d®^^ at 228.7 and 231.9 eV, 
respectively. The XPS measurements did indicate that the oxidation state of the 
titanium may be +3 or +4 and did reaffirm that the Iron is present in two oxidation 
states, +2 and +3. 
Magnetic susceptibility 
Magnetic susceptibility measurements also gave information useful for 
determining the cationic oxidation states. TIq Fe^ ggMo^Oy is ferrimagnetic with 
a Tq of about 110 K. The Curie temperature was derived from the change in the 
sign of the slope in plot of molar susceptibility versus temperature. The material 
reverts to normal paramagnetic behavior above approximately 200 K. The molar 
and inverse molar susceptibilities, which were corrected for core diamagnetism, 
are shown in Figure 4.3. A linear least squares fit of the data above 200 K, taken 
from a plot of 1/% versus temperature, to the Curie-Weiss relationship resulted in 
an effective moment that required far too much Fe(lll). This conclusion was 
drawn from the previous magnetic results of LiP® and the general viewpoint that 
the octahedral Fe2 cation would be better suited by crystal field stabilization if it 
was Fe(ll). A nonlinear least squares fit of the data above 200 K to Equation 3 
X = C/(T-0) + Xo ~ %TIP ^diamagnetic (3) 
resulted in an effective moment too small for even total occupancy of Fe(ll) and 
Ti(IV). Also, theta derived from this equation was too small for a ferrimagnetic 
material and Xo was too large. The most reasonable assessment of the effective 
moment was obtained by using data above 200 K and using the nonlinear least 
squares fit with XQ Mxed at zero. The resulting fit is shown in Figure 4.4 and 
corresponds to an effective moment of 6.53 |Xg. This moment can be interpreted 
as an infinite number of combinations of Ti(lll), Ti(IV), Fe(ll), and Fe(lll). Figure 
4.5 displays the variability of the cation composition at the fixed effective moment 
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Figure 4.5. The oxidation state flexibility of titanium & iron in Tig Fe^ .69*^°4^7 ^ ^*8^ effective moment 
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of 6.53 |ig. The Ti(lll) composition is allowed to vary from 0 to 0.31 
moles/formula unit and the remaining titanium is d® TI(IV). However, the small 
concentration of d^ Ti(lll) can be substituted with an even smaller quantity of d^ 
Fe(ll) or d® Fe(lll). Thus, the Fe(ll) molar composition need only vary from 1.66 
to 1.63 and therefore it only necessitates 0.03 to 0.06 moles of Fe(lll). The 
limiting composition ranges are then Tig^^ Fe^^gFeg^gMo^Oy and 
'^0^31 ® "Gt difference of only 0.34e" per M04O7. This result 
is In general agreement with the bond valence considerations and XPS which 
indicate that Fe(lll) and TI(IV) are present. The underlying assumption is made, 
that the molybdenum-oxide framework contains no unpaired electrons and is 
basically diamagnetic. 
Cation size effect 
Evidence supporting the cation assignments can not be easily Interpreted 
from the lattice dimensions of the .89^°4.11^7 those of Tig 3^ Fe^ .69^°4^7' 
All the M2M04O7 members are listed in Table 4.9. If the octahedral metal site for 
this quaternary compound. Tig Fe^ .69^°4^7' does contain more Fe(lll) than the 
ternary compound, Fe^.89^°4.ii(^7' then the a axis length should Increase. This 
Increase could be due to greater electrostatic repulsion of the Fe(lll). However, 
this axial increase may be offset by the smaller size of Fe(lll) versus Fe(ll). 
Secondly, because Tl(lll) or TI(IV) and Fe(lll) are both smaller than Fe(ll), the c 
axis length should decrease, and this is observed. Thus, no generally conclusive 
relationship can be derived. 
Oxidation state summary 
All of the evidence related to the titanium oxidation state suggests that Ti(ll) 
is not present. The relatively low molar abundance of titanium creates difficulties 
in ascertaining its true oxidation state via XPS. The presence of two different 
cation sites and two possible oxidation states for each cation, based upon XPS, 
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Table 4.9. Unit cell parameters for all known M2MO4O7 
Compound a(Â) b(Â) c(A) Volume(Â®) 
6.0245(8) 5.7686(4) 17.119(2) 595.0(1) 
'^0.3l'^ ®1.69'^ °4^7 5.996(4) 5.745(4) 16.907(7) 582.4(6) 
'^0.41 .51 ^ °4.08^7^ 5.991(1) 5.7545(8) 16.878(3) 581.3(2) 
Fei 89MO411O7® 5.9793(5) 5.7704(4) 17.036(1) 587.80(8) 
®°0.75^"1.25^°4(^7^ 6.085(1) 5.764(1) 17.002(4) 596.3(2) 
6.030(1) 5.782(1) 16.759(4) 584.4(2) 
'^o.5^"l.4^°4.1^7^ 5.9652(6) 5.7623(6) 16.764(2) 576.2(1) 
^Reference 14 and unpublished results, Brough, L.F. and McCarley, R.E. 
^Reference 15 
essentially creates an unresolvable set of conditions. The interpretation of the 
magnetic properties results in an infinite number of solutions over a small 
composition range. This average composition would allow 14.5e' per Mo^O^ unit, 
in relatively good agreement with the molybdenum bond valence and bond order 
sums. Cation size effects can be argued either way. Bond valence sums for the 
irons are not reliable enough to gain further insight, although Pel appears to be 
fundamentally Fe(ll). The selection of the iron oxidation state must be derived 
from the requirements of the metal-metal framework. The similarity of the Mo-0 
and Fe-0 bond strengths in FegO^, IVIoOg, and FegOg may accommodate even 
more electronic flexibility between the cations and the molybdenum framework. 
Tig 3^ Fe^ .69^°4^7 would tend to be a more homogeneous metal oxide based 
upon the above bond strengths observed for the binary oxides. 
168 
Other important synthetic relationships to Tig g^Fe^ ggl\^o^Oy 
Efforts to prepare single phase material of TIq Fe^ .69^°4^7 ^Iso included 
the reactions found in Table 4.10. All starting materials and stoichiometries were 
identical, as previously reported under Synthesis. From this set of reactions, it 
can be observed that the MgMo^Oy phases are probably metastabie with respect 
to the spinel, M3O4, phases. Formation of the ternary Fe^ ggMo^^^O^ is 
preferred at ~1400°C, however the quaternary Tig g^Fe^ gglVlo^Oy can be formed 
at lower temperatures for longer reaction times, or at slightly elevated 
temperatures, 1475°C and 1530°C. As the reaction time increased at higher 
reaction temperatures, the final products appeared to be spinels with the general 
composition Ti^ MOyFeg.^^.yO^. Note the third and fourth reactions given in 
Table 4.10. Under essentially identical conditions, the reaction appears to be at 
different stages, this might imply that the reaction is auto-catalytic. All of these 
Table 4.10. Other reactions to prepare Tig g^Fe^ gglVlo^Oy 
Reaction Conditions® Products^ 
1300°C/2d & 1250°C/6d Tig 3^ Fe^ gglVlo^Oy 
1475°C/52hrs Tig g^ Fe^ gglVlo^Oy + Mo 
1530°C/48hrs Tig 3^ Fe^ .69^°4^7 + 
1530°C/48hrs° Tig 3^ Fe^ gglVlo^Oy + Mo + M3O4 
1530°C/84hrs° M3O4 + Mo + MoOg 
1400°C/84hrs'^  Fe^ .89^°4.1107 + Mo 
®AII reactions performed in Mo tubes 
^All products characterized by Guinier powder diffraction 
* i^^ MOyFe3.jj.y04, isostructural to Fe304 
•^Reference 15: Lii's preparation of F®i .89M°4.11^7 
169 
products have been observed In bulk materials by Gulnler powder diffraction, 
qualitatively by SEM EDS, and also by morphology (M2MO4O7 as dipyramids and 
M3O4 as truncated octahedra). Molybdenum appeared to be extruded as beads 
of metal through surface defects in the M2M04O7 with the formation of M3O4. 
The total reaction scenario would be interesting to follow by high temperature 
diffraction, the limiting factors are most likely the long reaction time, high 
temperature required, and the necessity of eliminating traces of oxygen which 
would drive this reaction to produce M0O3 or MoOg. 
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CONCLUSIONS 
The M2M04O7 phases are a simple, yet intricate, arrangement of infinite 
chains constructed of trans edge-shared molybdenum octahedra in such a 
manner that octahedral and tetrahedral cavities are formed for the ternary or 
quaternary cation. The actual number of electrons available for metal-metal 
bonding is difficult to determine accurately, but it is large enough that the chains 
distort with apical-apical interactions alternating in a short-long-short fashion. The 
molar composition has been confirmed by microprobe analysis and the 
preparation of single phase material has been achieved. This observed 
stoichiometry of three titaniums and seven irons, on average, over ten octahedral 
cation sites might result in an ordered superstructure that could be understood by 
further TEM work. TIq 3  ^Fe^ ggMo^G^ is a ferrimagnetic material with a Curie 
temperature of approximately 110 K. 
The ability to substitute a variety of di- and tri-valent cations into the 
tetrahedral and octahedral cavities of the M04O7 system reaffirms that this 
structure is stabilized with electron counts between 14 and 15e' per M04O7 unit. 
Unfortunately, iron and titanium can both exhibit more than one oxidation state. 
Structurally the molybdenum-oxide framework is quite similar to the previously 
reported members.^Therefore one would not expect the number of MCE to 
be very different from the known members. Determination of the number of 
electrons available for metal-metal bonding based upon the cationic bond valence 
sums was not feasible. Bond valence sums around the molybdenums in 
'^0.31'^ ®l .69'^ °4^7 Pi'sdict 14.2(2) MCE, bond order sums over the metal-metal 
bonds result in 14.1 (l)e', and calculations based upon cationic oxidation states 
derived from magnetic susceptibility measurements result in 14.5e". 
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The results obtained for Tig 31 Fe^ ggMo^Oy do not improve or clarify the 
intricate relationship between the metal cluster electron count and the observed 
changes in structural distortions of the molybdenum octahedra. 
Attempts to prepare as single crystals large enough to test 
for an ordered superstructure have been unsuccessful. Single phase material of 




SYNTHESIS AND CHARACTERIZATION OF (M=Ca,Sr,Gd): 
OLIGOMERS WITH TWO TRANS EDGE-SHARING Mo OCTAHEDRA 
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INTRODUCTION 
The synthetic efforts to prepare new materials containing trans edge-shared 
molybdenum octahedra of finite length have been quite successful for the 
MgMo^gOie (TiGrnbers. These materials contain two trans edge-fused octahedra, 
based upon the general formulation, where n equals the 
number of edge-shared Mo octahedra. These discrete segments interconnect 
with neighboring segments in a stair-step fashion through a strong intercluster 
metal-metal bond, and multiple Mo-O bonds, parallel to the "chain" direction. A 
second notable feature of the n=2 oligomers is the strong apical Mo-Mo bonding. 
The first dimeric oligomer, LagMo^gO^g, was structurally characterized by 
Rietveld analysis.^® Subsequently, single crystal refinements have been 
performed when the ternary cation was Pb^®, Sn^^, Gd^®, Ba^, or La, Ca, Sr, Ce, 
Pr, Nd, Sm, or Eu.^® The benefit of having a large number of members 
structurally characterized is that generalizations about the bonding and electronic 
considerations can be made. The limiting factor of all these compounds is that 
the formal number of electrons donated by the cations to the metal-metal 
framework is either four or six. In synthetic efforts to prepare quaternary 
oligomers with n=3 and n=4, four new quaternary members of the n=2 series 
were formed. They include Kg ggM^ g^Mo^gO^g (M=Ca,Sr), GrBaMo^gO^g, and 
^0.33^^1.67^°10^16" first two members result in a slightly more oxidized 
molybdenum cluster unit, the third member is isoelectronic with the ternary Pb, 
Sn, Ba, Sr, Ca, and Eu phases, and the last member formally contains an 
electron count intermediate to all the reported members. This section will only 
briefly discuss the synthesis and structural characterization of these quaternary 
members, given the multitude of reported compounds in this area. Emphasis will 
be placed on the electronic/bonding considerations of this series. 
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EXPERIMENTAL 
Materials and Methods 
The synthesis of oxides containing molybdenum in relatively low oxidation 
states requires that the oxygen content be controlled stoichiometrically. 
Therefore, all reactions were carried out in evacuated, fused silica tubes (-1x10"^ 
torr) or molybdenum tubes (-2x10"® torr). All reactants were thoroughly ground to 
produce a homogeneous mixture before being used as loose powders or pressed 
pellets. Mixed starting materials were subsequently stored in a desiccator. 
The starting materials included KgMoO^, SrMoO^, CaMoO^, BaMoO^, 
Gd2(MoO^)g, SrO, MoOg, MoOg, and Mo. The synthesis, drying, and/or cleaning 
of the K2M0O4, SrMoO^, BaMoO^, MoOg, MoOg, Mo and Mo tubing have been 
previously reported in Sections 1 and 2. The SrO was prepared by firing SrCOg 
in an open crucible at 550°C for about one week. The product was then cooled 
over desiccant. Calcium molybdate was synthesized by mixing an aqueous 
solution of calcium chloride (Baker Analyzed Reagent) with an aqueous solution 
containing a stoichiometric quantity of sodium molybdate (Fisher Certified, A.C.S.) 
The white precipitate was filtered, washed with water, and then dried overnight at 
120°C under dynamic vacuum. Gadolinium molybdate was prepared by reacting 
a 1:3 mole ratio of intimately mixed GdgOg (Ames Lab Rare Earth Center) and 
MoOg at 800°C for two days in an evacuated fused silica tube. All starting 
reagents and Mo tubing were subsequently stored in a desiccator until needed. 
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Physical Measurements 
X-ray powder diffraction 
An Enraf Nonius Delft FR552 triple focusing Guinier x-ray powder diffraction 
camera was used with Cu Kœ, radiation (A, = 1.540562Â) generated from an AEG 
fine focus tube powered by a General Electric XRD-5 generator. National Bureau 
of Standards silicon powder was used as an external standard. 
Scanning electron microscopy 
A Cambridge S-200 scanning electron microscope was employed for 
qualitative elemental analysis using a Tracor Northern Micro Z-II energy 
dispersive spectrometer (EDS) with a beryllium window. Powdered samples 
and/or crystals were loaded on a metal disk via Scotch double-stick tape and 
sputter-coated with gold to improve their conductance. 
Microprobe analysis 
Elemental analyses were completed by Dr. Alfred Kracher (Department of 
Geological and Atmospheric Sciences) on an ARL SEMQ microprobe. The 
instrument was equipped with wavelength dispersive spectrometers (WDS) and 
operated at 15 kV and 25 nA. Samples were mounted in Epo-Tek 301-2 epoxy 
resin, dried, and polished to produce a flat surface. Prior to examination, the 
samples were sputtered with carbon to insure conductivity. Peak profiles and 
backgrounds were measured for the standards, which included KAISigOg, CaCOg, 
and MoOg. Data were analyzed using Probe®® software. 
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Synthesis 
*^0.06^^1.94^°10^16 crystals were grown from a reaction intended to 
prepare K2Ca2l\/lo^g02g. The starting materials, KglVloO^, CaMo04, M0O3, and 
Mo, were thoroughly ground and pressed into a pellet prior to loading into a Mo 
tube. The tube and its contents were fired at 430°C for two hours under dynamic 
vacuum, to drive off any volatile materials, before the tube was sealed via 
electron beam welding. The sealed Mo tube was loaded directly into a tantalum 
basket, which was then suspended in a high temperature vacuum furnace. The 
reaction was held at 1500°C for 96 hours before cooling at a rate of 2°C/min to 
900°C, at which time the furnace was powered down. This quench resulted in an 
average cooling rate of about 15°C/min. Black, chunk-like crystals were found on 
the surface of a silvery (Mo) pellet. SEM EDS on several crystals indicated the 
presence of K, Ca, and Mo. A Guinier powder pattern of the reaction mixture 
indicated the presence of KgMoO^, Mo, and the Mo^qO^q phase. No attempt 
was made to synthesize single phase material. The observed versus calculated 
d-spacings and relative intensities are given in Table 5.1 for the K-CaMo^gO^g 
member. The calculated d-spacings were derived from the lattice parameters 
determined by single crystal indexing. All d-spacings are based on Cu Ka^ 
radiation. 
KoogSri g^Mo^gO^g crystals were discovered in a reaction to synthesize 
K2SrMo^4022- The starting reagents included K2M0O4, SrMoO^, MoOg, and Mo. 
The same procedure as stated above was used, except that the Mo tube and 
contents were dried overnight at 430°C. The sealed Mo tube was fired at 1500°C 
for 79 hours, at which time the building power failed. The sample was probably 
quenched to 800°C in a matter of minutes and reached room temperature within 
an hour. The black crystals were found between the bottom Mo cap and the 
pellet. No single phase preparation of this material was attempted. 
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Table 5.1. X-ray powder diffraction data for Kg QgCai .94^/1010^16 
d-spacing (A) Intensity® hkl 
observed calculated^ 
6.542 6.511 s Oil 
5.511 5.491 w 111 
3.103 3.106 w/m-b 113 
2.956 2.952 vw 013 
2.878 2.874 w 031 
2.842 2.840 vw 211 
2.674 2.671 w/m-b 123 
2.497 2.496 w/m-b 221 
2.457 2.456 w 113 
2.391 2.390 w-b 312 
2.368 2.365 w-b 212 
2.264 2.265 w-vb 040 
2.191 2.190 w-b 321 
2.053 2.052 w-b 323 
1.976 1.974 vw 213 
1.942 1.941 vw 241 
1.925 1.922 s-b 134 
1.917 1.916 w 332 
1.904 1.902 w-b 232 
1.846 1.847 w-b 223 
1.820 1.820 w-b 125 
1.780 1.779 w-b 051 
1.676 1.676 w-b 144 
1.662 1.663 w-b 242 
1.467 1.466 vw-b 154 
1.456 1.457 vw-b 252 
1.442 1.442 vw-b 406 
1.425 1.425 vw-b 106 
^Intensity: s=strong, m=medium, w=weak, b=broad, and v=very 
''Refined monoclinic cell parameters: a=7.543(1)Â, b=9.059(2)Â, c=9.972(1)Â, and 
P=110.073(9)° 
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BaSrA/lo^o i^e crystals were formed in a reaction for the preparation of 
SrgBagMo^gOgs- The starting materials, SrO, BaMoO^, MoOg, and Mo were 
thoroughly ground and loaded into a fused silica tube as a powder. About two 
milligrams of BaCl2'2H20 was added as a potential flux. The contents were 
subsequently evacuated and double-sealed in fused silica tubes. The reaction 
was fired at 1230°C for seven days. It was then cooled at ~50°C/hour to 800°C, 
at which time it was quenched to room temperature. Small, black, chunk-like 
crystals were found on the surface of the black powder. Single phase 
preparations were not attempted. 
Kq ggGd^ gylVlo^gO^g crystals were grown from a reaction mixture intended 
for the preparation of K2GdMo^4022- K2M0O4, Gd2(IVIo04)g, M0O3, and Mo 
were thoroughly ground, pressed into a pellet, loaded into a Mo tube, fired at 
430°C under dynamic vacuum for 2.5 hours, and left under dynamic vacuum 
overnight before sealing the Mo tube by electron beam welding. This reaction 
was fired under identical conditions as reported for the K-CaMo^gO^g member. 
The furnace was cooled at a rate of 3°C/min to 800°C, before quenching to 
100°C over the period of an hour. The pellet had a few black, chunk-like crystals 
(title phase) and numerous thin needles (probably Kj^ Gd4.^Mo^gOg2) growing on 
the surface. SEM EDS indicated a significant quantity of potassium along with 
Gd and Mo in both of the crystal types. No attempts were made to prepare 
single phase material. 
X-ray Single Crystal Data Collection and Structure Refinement 
Routine methods were used to collect data and solve the structures of four 
MO10O16 phases. Details of the data collection and refinement for KMMo^gO^g 
members are found in Tables 5.2, 5.7, and 5.11. Final positional parameters and 
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isotropic temperature parameters are given in Tables 5.3, 5.8, and 5.12. 
Anisotropic thermal factors are listed in Tables 5.4, 5.9, and 5.13. Selected 
metal-metal interatomic distances and metal-oxygen bond distances are found in 
Tables 5.5, 5.10, and 5.14. Selected bond angles are listed for the K-Ca and 
K-Gd members in Tables 5.6 and 5.15. A few more details of the data collection 
and structure refinement are included in a supplementary Table 5.16. This format 
will be used instead of a descriptive paragraph for each member. 
The only structural details of SrSaMo^gO^g will be given here, since the 
structural refinement was poor. A crystal was indexed on the Hilger-Watts 
diffractometer with the following lattice parameters: a=7.471(2)Â, b=9.122(1)Â, 
c=9.888(2)Â, and p=109.11(2)°. Four octants of data were collected from 0 to 
55° in two theta. There were 1136 unique reflections observed after the data was 
averaged and corrected for absorption based upon one azimuthal scan. 
SHELXS®^ direct methods indicated a solution with 0=0.032 in the space group 
P2^/c. After applying all the available techniques, the final R=10.7% and the net 
composition was refined to Sr^ .02(6)^^0.98'^ °10^16-
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Table 5.3. Atomic coordinates for Kq Qg pai g4MOioO 16 
Atom® X Y Z 
Ca° 0.7649(3) 0.5051(2) 0.5268(2) 0.99(6) 
0.7649 0.5051 0.5268 1.0 
Mol 0.4993(1) 0.12360(8) 0.41346(7) 0.25(2) 
Mo2 0.8887(1) 0.11582(8) 0.51623(7) 0.26(2) 
Mo3 0.3224(1) 0.12647(8) 0.61307(7) 0.24(2) 
Mo4 0.1169(1) 0.11552(8) 0.31763(8) 0.26(2) 
Mo5 0.6877(1) 0.13387(8) 0.69988(7) 0.25(2) 
01 0.4871(8) 0.0018(6) 0.2369(6) 0.4(2) 
02 0.8993(8) 0.9911(7) 0.3415(6) 0.33(9) 
03 0.8940(9) 0.2663(6) 0.6703(7) 0.4(1) 
04 0.0999(8) 0.2467(6) 0.4789(6) 0.2(1) 
05 0.294(1) 0.2528(6) 0.2821(7) 0.5(2) 
06 0.699(1) 0.2549(6) 0.3828(6) 0.3(1) 
07 0.8848(8) 0.4975(7) 0.3337(6) 0.5(2) 
08 0.493(1) 0.2781(7) 0.5645(7) 0.5(2) 
®AII atoms reside on the Wycl<off position 4e 
''The equivalent isotropic temperature factor, B^q, is defined as 8nf/3 
{EjEj(Ujja^a^?fj- j^)), where the summations of i and j range from 1 to 3 
°Ca has an occupancy of 97(2)% and K, at the same position, has an occupancy 
of 3(2)%, based upon microprobe analyses of six data points on five different 
crystals 
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Table 5.4. Anisotropic temperature factors® (Â^xlO®) for Kg ggCa^ .94(^010^16^ 
Atom U11 U22 ^33 U12 Ul3 ^23 
Ca/K 12.(1) 12.5(9) 11.2(9) -0.3(8) 1.5(7) -0.4(8) 
M0I 3.1(3) 3.1(3) 2.9(3) 0.1(3) 0.7(3) 0.6(3) 
Mo2 3.1(3) 3.9(3) 2.5(3) -0.8(3) 0.4(3) 0.3(3) 
Mo3 2.8(3) 3.4(4) 3.0(3) -0.2(3) 1.0(3) -0.6(3) 
Mo4 2.8(3) 3.7(3) 3.1(3) -0.2(3) 0.6(3) 0.3(3) 
Mo5 3.3(3) 3.3(3) 2.4(3) -0.3(3) 0.3(3) -0.6(3) 




05 7.(3) 6.(3) 7.(3) 1.(2) 6.(3) 2.(2) 
06 4.(1) 
07 4.(3) 7.(3) 8.(3) -1.(2) 1.(2) 1.(2) 
08 6.(3) 7.(3) 5.(3) -6.(2) 3.(3) -4.(2) 
®The coefficients Ux of the anisotropic temperature factor expression are defined 
as exp(-27r^(a*^u/^ h^+b'^ Uagk^+c^^Uggr+aa^b'U^ ghk+Za^c^U^ ghl+2b*c*U23kl)) 
thermal parameters fixed to those of Ca, and oxygen atom thermal parameters 
for 02, 03, 04, and 06 only refined isotropically 
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Table 5.5. Selected interatomic bond distances (A) for Kg ggCa^ .94l^ °io l^6^ 
Mol-Mol' 2.825(1) M0I-M02 2.760(1) 
Mo1-Mo3' 2.751(1) M0I-M03 2.693(1) 
Mo1-Mo4 2.710(1) Mo1-Mo5 2.720(1) 
Mo1-Mo5' 2.759(1) Mo2-Mo2' 2.775(2) inter'' 
Mo2-Mo3' 3.079(1) inter Mo2-Mo3 2.758(1) 
Mo2-Mo4 3.038(1) inter Mo2-Mo4' 2.681(1) 
Mo2-Mo5' 2.754(1) Mo3-Mo4' 2.821(1) 
Mo3-Mo5 2.590(1) apical® Mo4-Mo5 2.736(1) 
Ca—Ca' 3.765(2) Ca—Ca' 3.847(2) inter 
M0I-OI 2.052(6) M0I-O5 2.023(6) 
M0I-O6 2.025(6) M0I-O8' 2.068(6) 
Mo2-03' 2.044(6) Mo2-04' 2.120(6) 
M02-O6 2.023(6) Mo2-07 2.104(6) 
Mo2-07' 2.112(6) Mo3-01 2.044(6) 
M03-04 2.062(6) Mo3-05 2.080(6) 
Mo3-07 2.135(6) Mo3-08 2.051(6) 
M04-O2 1.916(6) M04-03' 2.106(6) 
Mo4-04' 2.038(6) M04-05 1.946(6) 
M04-O7' 2.103(6) M05-OI 2.054(6) 
M05-O2 2.068(6) M05-O3 2.065(6) 
Mo5-06 2.060(6) M05-O8 2.080(6) 
Ca-01 2.664(6) Ca-02 2.396(6) 
Ca-02' 2.421(6) Ca-03 2.592(6) 
Ca-04 2.477(6) Ca-05 3.037(6) 
Ca-06 2.638(6) Ca-07 2.878(6) 
Ca-08 2.694(7) Ca-08' 3.017(6) 
®Atoms with primed numbers are related to those with unprimed numbers by the 
inversion center. All calcium atom positions also partially occupied by K. 
^Intercluster Mo-Mo bond distances 
°Apical-apical Mo-Mo bond distances 
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Table 5.6. Selected bond angles (degrees) for Kg ggCa^ .94(^01 
M0I '-M0I -Mo2 88.43(4) Mo1'-Mo1-Mo3 57.75(3) 
Mo1'-Mo1-Mo3' 59.73(3) Mo1'-Mo1-Mo4 88.53(4) 
Mo1'-Mo1-Mo5 59.65(3) Mo1'-Mo1-Mo5' 58.29(3) 
Mo2-Mo1-Mo3 60.75(3) Mo2-Mo1-Mo4 176.80(4) 
Mo2-Mo1-Mo5' 60.33(3) Mo3-Mo1'-Mo4 62.20(3) 
l\4o3-Mo1-Mo5 56.53(3) Mo3-Mo1-l\/Io5' 89.86(3) 
Mo3-Mo1 '-Mo5' 91.91(3) Mo3-Mo1'-Mo5 56.71(3) 
Mo4-Mo1 -Mo5 60.01(3) Mo1-Mo2-Mo3' 175.38(3) 
M0I -Mo2-Mo3 58.44(3) Mo1-Mo2-Mo4' 90.52(3) 
M0I -Mo2-Mo5' 59.13(3) Mo3-Mo2-Mo4' 62.46(3) 
Mo3-Mo2-Mo5' 89.82(3) Mo4-Mo2'-Mo5 60.43(3) 
Mo1-Mo3-Mo1' 62.52(3) M0I '-Mo3-Mo2 89.99(3) 
Mo1'-Mo3-Mo4' 58.20(3) Mo1-Mo3-Mo5 61.15(3) 
M0I -Mo3-Mo2 60.81(3) Mo1-Mo3-Mo4' 88.96(3) 
Mo1-Mo3-Mo5' 62.93(3) Mo2-Mo3-Mo4' 61.80(3) 
Mo2'-Mo3-Mo5 178.80(3) Mo1-Mo4-Mo2' 92.51(3) 
Mo1-Mo4-Mo3' 59.60(3) Mo1-Mo4-Mo5' 60.89(3) 
Mo2-Mo4'-Mo3 60.11(3) Mo2'-Mo4-Mo5 61.10(3) 
Mo3'-Mo4-Mo5 88.90(3) Mo1-Mo5-Mo1' 62.07(3) 
Mo1-Mo5-Mo2 60.54(3) M0I '-M06-M04 90.20(3) 
M0I '-Mo5-Mo2' 89.89(3) Mo1-Mo5-Mo4 59.11(3) 
Mo2-Mo5'-Mo4' 58.47(3) 
^Atoms with primed numbers are related to those with unprimed numbers by the 
inversion center 
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calculated density, g/cm® 
FOOO 
crystal size, mm^ 
|x(Mo Ka), cm"^ 
diffractometer 
X, Â, graphite monochromator 
temperature, °C 
two theta range, degrees 
scan mode 
No. reflections collected 
No. observations (l>3o(l)), (unique) 
No. variables 
goodness of fit® 
max. shift in final cycle 
largest peaks in final diff. map, e/Â® 
transmission coefficient 
R". Rw® 



























obs'^parameters^ ^Quality of fit = [ Etoil fJ -I Fj }^/(N 
' 'RzzZllFj^Fjl/aFl 
''Rw = I EmU Fj -I Fj }2/Ed FJ (o=1/(fi| FJ ) 
i1/2 
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Table 5.8. Atomic coordinates for Kg ge ;Sri g4MOioO 16 
Atom® X Y Z < 
Sr° 0.7522(4) 0.5050(4) 0.5391(3) 0.8(1) 
K° 0.7522 0.5050 0.5391 0.8 
Mo1 0.5006(4) 0.1225(3) 0.4139(3) 0.22(8) 
Mo2 0.8875(3) 0.1155(3) 0.5171(3) 0.22(8) 
Mo3 0.3204(3) 0.1256(3) 0.6127(3) 0.25(8) 
Mo4 0.1189(3) 0.1163(3) 0.3183(3) 0.21(8) 
Mo5 0.6863(3) 0.1316(3) 0.7015(3) 0.12(4) 
01 0.494(3) 0.002(3) 0.235(2) 0.3(3) 
02 0.890(3) 0.497(3) 0.338(2) 0.4 
03 0.892(3) 0.258(2) 0.671(2) 0.4 
04 0.100(3) 0.245(2) 0.483(2) 0.4 
05 0.298(3) 0.254(2) 0.284(2) 0.4 
06 0.701(3) 0.248(2) 0.383(2) 0.4 
07 0.885(2) 0.495(3) 0.335(2) 0.3(3) 
08 0.496(3) 0.276(2) 0.565(2) 0.5(3) 
®AII atoms reside on the Wyckoff position 4e 
h'he equivalent isotropic temperature factor, B^q, is defined as 87c^/3 
{EjEj(Ujja^a where the summations of i and j range from 1 to 3 
°Sr has an occupancy of 97(2)% and K, at the same position, has an occupancy 
of 3(2)% 
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Table 5.9. Anisotropic temperature factors® (Â^x10®) for Kg QgSr^ .941^010^16^ 
Atom U22 U33 U^2 ^23 
Sr/K 12.(2) 8.(2) 10.(2) 1.(2) 0.(1) 2.(2) 
M0I 2.(1) 4.(1) 3.(1) 0.(1) 11.(8) 0.(1) 
Mo2 2.(1) 3.(1) 3.(1) -2.(1) 0.8(9) 1.(1) 
Mo3 3.(1) 3.(1) 3.(1) -1.(1) -0.2(9) 1.(1) 










®The coefficients U» of the anisotropic temperature factor expression are defined 
as exp(-27[^(a*^u/i h^+b*^U22k^+c"^U33l^ +2a*b*Ui 2hk+2a*c'Ui 3hl+2b*c*U23kl)) 
thermal parameters fixed to those of Ca, Mo5 temperature factor refined 
isotropically, and oxygen atom thermal parameters for 01, 07, and 08 only 
refined isotropically 
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Table 5.10. Selected bond distances (Â) for Kg QgSr^ .94^010^16^ 
M01-M0T 2.827(5) M0I-M02 2.758(4) 
Mo1-Mo3' 2.748(4) Mo1-Mo3 2.701(4) 
M0I-M04 2.721(4) M0I-M05 2.743(4) 
Mo1-Mo5' 2.766(4) Mo2-Mo2' 2.804(6) inter'' 
Mo2-Mo3' 3.089(3) inter Mo2-Mo3 2.769(4) 
Mo2-Mo4 3.043(3) inter Mo2-Mo4' 2.691(4) 
Mo2-Mo5' 2.746(4) Mo3-Mo4' 2.823(4) 
Mo3-Mo5 2.608(4) apical® Mo4-Mo5 2.747(4) 
M0I-OI 2.08(2) Mol-05 2.04(2) 
M0I-O6 2.00(2) M0I-O8' 2.07(2) 
M02-O3' 2.01(2) M02-O4' 2.11(2) 
M02-O6 2.00(2) Mo2-07 2.11(2) 
Mo2-07' 2.11(2) M03-OI 2.05(2) 
Mo3-04 2.05(2) Mo3-05 2.09(2) 
Mo3-07 2.11(2) Mo3-08 2.07(2) 
M04-O2 1.88(2) Mo4-03' 2.18(2) 
Mo4-04' 2.06(2) Mo4-05 1.96(2) 
Mo4-07' 2.14(2) Mo5-O1 2.07(2) 
Mo5-02 2.05(2) Mo5-03 2.04(2) 
Mo5-06 2.09(2) M05-O8 2.09(2) 
Sr-01 2.75(2) Sr-02 2.55(2) 
Sr-02' 2.57(2) Sr-03 2.66(2) 
Sr-04 2.59(2) Sr-05 2.92(2) 
Sr-06 2.77(2) Sr-07 2.79(2) 
Sr-08 2.71(2) Sr-08' 2.92(2) 
®Atoms with primed numbers are related to those with unprimed numbers by the 
inversion center. All strontium atom positions also partially occupied by K. 
^Intercluster Mo-Mo bond distances 
'^ Apical-apical Mo-Mo bond distances 
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obs'^parameters^ ^Quality of fit = [ Eml fJ -1 fJ ) V{N, 
' 'R = E||Fj4Fj|/E|F| 
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Table 5.12. Atomic coordinates for K, 10^16 
Atom® X Y Z 
Gd° 0.7682(1) 0.5034(2) 0.5293(1) 0.86(3) 
0.7682 0.5034 0.5293 0.9 
Mol 0.5007(2) 0.1236(2) 0.4139(2) 0.30(5) 
Mo2 0.8929(2) 0.1152(2) 0.5149(2) 0.34(5) 
Mo3 0.3253(2) 0.1269(2) 0.6159(2) 0.37(5) 
Mo4 0.1155(2) 0.1170(2) 0.3204(2) 0.34(5) 
Mo5 0.6911(2) 0.1320(2) 0.7009(2) 0.29(5) 
oi 0.485(2) 0.004(2) 0.233(1) 0.7(2) 
02 0.901(1) 0.490(2) 0.347(1) 0.4(2) 
03 0.892(2) 0.266(2) 0.668(1) 0.6(4) 
04 0.104(2) 0.253(1) 0.483(1) 0.6(2) 
05 0.299(2) 0.259(2) 0.287(1) 0.7(2) 
06 0.701(2) 0.260(1) 0.386(1) 0.3(1) 
07 0.882(2) 0.999(2) 0.329(1) 0.6(4) 
08 0.496(2) 0.280(2) 0.564(1) 0.7(4) 
®AII atoms reside on the Wyckoff position 4e 
''The equivalent Isotropic temperature factor, Bg-, is defined as 87c^/3 
{i;jEj(Ujja^a j^ j-'Sfj)}, where the summations of i and j range from 1 to 3 
%d has an occupancy of 83.3(6)% and K, at the same position, has an 
occupancy of 16.7(6)% 
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Table 5.13. Anisotropic temperature factors^ (Â^xlO®) for Kg ggGd^ .67^°10^16^ 
Atom U11 ^22 ^33 U12 Ul3 ^23 
Gd/K 11.2(5) 9.4(5) 10.0(4) 0.4(6) 0.8(4) -0.8(7) 
M0I 3.1(6) 4.3(7) 4.0(7) -0.3(7) 0.9(5) - 0.6(7) 
Mo2 4.2(7) 4.0(7) 4.1(7) 0.0(7) 0.7(5) -0.3(7) 
Mo3 3.4(7) 6.3(8) 4.6(7) -0.9(7) 1.8(6) -1.4(6) 
IVIo4 4.9(7) 3.0(8) 4.6(7) 1.3(7) 1.1(6) 1.5(7) 
Mo5 2.3(7) 3.4(7) 5.2(7) -0.4(6) 1.1(5) -0.9(7) 
01 9.(2) 
02 5.(2) 




07 6.(5) 5.(5) 10.(5) 1.(6) 1.(5) 3.(7) 
08 7.(6) 14.(7) 2.(6) 3.(6) -1.(5) -1.(5) 
®Th0 coefficients Ux of the anisotropic temperature factor expression are defined 
as exp(-2nf(a*^U^ ^ h^+b*^U22k^+c*^Uggl +2a*b*U^ 2hk+2a*c*U^ ghl+Zb^c^Uggkl)) 
thermal parameters fixed to those of Gd, and oxygen atom temperature 
factors of 01, 02, 04, 05, and 06 only refined isotropically 
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Table 5.14. Selected interatomic bond distances (Â) for KgggGd^ 67'^ °10^16^ 
Mol-Mol' 2.812(3) M0I-M02 2.788(2) 
Mo1-Mo3' 2.755(2) Mo1-Mo3 2.681(2) 
Mo1-Mo4 2.738(2) Mo1-Mo5 2.723(2) 
Mo1-Mo5' 2.755(2) Mo2-Mo2' 2.711(4) inter^ 
Mo2-Mo3' 3.076(2) inter Mo2-Mo3 2.778(2) 
Mo2-Mo4 2.961(2) inter Mo2-Mo4' 2.671(2) 
Mo2-Mo5' 2.771(2) Mo3-Mo4' 2.824(2) 
Mo3-Mo5 2.601 (2) apical® Mo4-Mo5 2.726(3) 
Gd*"Gd' 3.741(2) Gd'Gd' 3.895(2) inter 
Mol-OI 2.06(1) M0I-O5 2.02(1) 
M0I-O6 2.04(1) M0I-O8' 2.06(1) 
Mo2-03' 2.04(1) Mo2-04' 2.13(1) 
M02-O6 2.04(1) M02-O7 2.10(1) 
Mo2-07' 2.14(1) Mo3-01 2.06(1) 
Mo3-04 2.08(1) Mo3-05 2.06(1) 
Mo3-07 2.15(1) M03-O8 2.07(1) 
Mo4-02 1.99(1) Mo4-03' 2.13(1) 
Mo4-04* 2.05(1) Mo4-05 1.99(1) 
Mo4-07' 2.09(1) Mo5-01 2.07(1) 
M05-O2 2.07(1) Mo5-03 2.05(1) 
Mo5-06 2.06(1) Mo5-08 2.10(1) 
Gd-01 2.66(1) Gd-02 2.35(1) 
Gd-02' 2.38(1) Gd-03 2.55(1) 
Gd-04 2.42(1) Gd-05 2.97(1) 
Gd-06 2.58(1) Gd-07 2.81(1) 
Gd-08 2.72(1) Gd-08' 2.99(1) 
®Atoms with primed numbers are related to those with unprimed numbers by the 
inversion center. All gadolinium atom positions partially occupied by potassium. 
^Intercluster Mo-Mo bond distances 
°Apical-apical Mo-Mo bond distances 
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Table 5.15. Selected bond angles (degrees) for Kg ggGd^ .67^°1 6^ 
Mo1'-Mo1-Mo2 89.01(8) Mo1'-Mo1-Mo3 57.57(7) 
Mo1'-Mo1-Mo3' 60.15(7) Mo1'-Mo1-Mo4 88.05(8) 
Mol '-Mo1 -Mo5 59.68(6) Mo1'-Mo1-Mo5' 58.56(7) 
Mo2-Mo1 -Mo3 61.02(6) Mo2-Mo1-Mo4 176.96(9) 
Mo2-Mo1 -Mo5' 60.36(6) Mo3-Mo1 '-M04 61.87(6) 
l\/Io3-Mo1-Mo5 56.70(6) Mo3-Mo1-Mo5' 89.73(7) 
Mo3-Mo1'-Mo5' 91.99(7) Mo3-Mo1'-Mo5 57.16(6) 
Mo4-Mo1 -Mo5 59.51(6) Mo1-Mo2-Mo3' 176.00(9) 
Mol -Mo2-Mo3 57.57(6) Mo1-Mo2-Mo4' 89.87(7) 
Mo1-Mo2-Mo5' 58.65(6) Mo3-Mo2-Mo4' 94.06(7) 
Mo3-Mo2-Mo5' 88.91(7) Mo4-Mo2'-Mo5 60.09(6) 
Mo1-Mo3-Mo1' 62.28(7) Mol '-Mo3-Mo2 90.39(7) 
Mo1'-Mo3-Mo4' 58.78(6) Mo1-Mo3-Mô5 61.03(6) 
Mo1 -Mo3-Mo2 61.40(6) Mo1-Mo3-Mo4' 88.94(7) 
Mo1 -Mo3-Mo5' 62.85(6) Mo2-Mo3-Mo4' 60.07(5) 
Mo2'-Mo3-Mo5 179.0(1) Mo1-Mo4-Mo2' 93.05(7) 
Mo1-Mo4-Mo3' 59.36(6) Mo1-Mo4-Mo5' 60.55(6) 
Mo2-Mo4'-Mo3 60.67(6) Mo2'-Mo4-Mo5 61.77(6) 
Mo3'-Mo4-Mo5 88.89(7) Mo1-Mo5-Mo1' 61.77(7) 
Mol -Mo5-Mo2 61.00(6) Mo1 '-Mo5-Mo4 90.13(7) 
Mo1'-Mo5-Mo2' 90.54(7) Mo1-Mo5-Mo4 59.94(6) 
Mo2-Mo5'-Mo4' 58.14(6) 
^Atoms with primed numbers are related to those with unprimed numbers by the 
inversion center 
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Table 5.16. Supplementary crystallographic information for KylVIg.ylVIo^QO^g 
Information K-Ca K-Sr K-Gd 
No. of reflections indexed 18 13 19 
Two thêta range 14-19° 13-19° 13-24° 
Initial lattice parameters 7.542(3)Â 7.545(2)Â 7.554(3)Â 
(a.b.c.p) 9.057(4)Â 9.152(2)Â 9.020(2)Â 
9.974(4)Â 9.954(3)Â 9.932(2)À 
109.99(3)° 109.25(2)° 109.88(2)° 
No. of standards 3 3 3 
Octants collected h,±k,±l h,k,±l ±h,k,±l 
Absorption corrected yes yes no 
Violations of P2^/c none none none 
SHELXS®^ solution 0.020 0.021 
Secondary extinction 4.2x10"^ 5.5x10-® 
Largest diff. peak near Mol near Mol near Mo4 
Cation occupancy microprobe Sr:97(2)% Gd:83.3(6)% 
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RESULTS AND DISCUSSION 
Description of the Structure 
All the MgMo^oOie K^Mg.^Mo^QO^g Phases consist of trans edge-shared 
M o ^ O  b i o c t a h e d r a l  c l u s t e r  u n i t s ,  a s  s h o w n  i n  F i g u r e  5 . 1  f o r  K g  g g C a ^ 0 ^ 1 6 -
The shortest metal-metal bonds in this unit are the two apical-apical bonds. A 
listing of the apical-apical bond distances in the reported Mo.|QOig members is 
found in Table 5.17. Figure 5.2 indicates the stair-step manner in which the 
bioctahedral units interconnect. The dominant feature for all the known 
MgMo^oOie phases, and also the quaternary members, is the short intercluster 
metal-metal bond. This degree of intercluster bonding is only observed in this 
oligomeric series, when n=1 or 2. Table 5.17 lists all the 
intercluster distances associated with the published members. The average 
intercluster bond distance (Mo2-Mo2') for the compounds containing divalent 
Table 5.17. Important metal-metal distances in the series 
M (cation) Apical-apical bond (Â) Intercluster bonds (À) 
Ba 2.621(2) 2.778(3), 3.053(2), 3.099(2) 
Sn 2.608(1) 2.796(1), 3.030(1), 3.077(1) 
Pb 2.613(3) 2.784(5), 3.034(4), 3.083(3) 
La25 2.676 2.733, 2.921, 3.065 
La29 2.6129(5) 2.6899(7), 2.9108(5), 3.0941(5) 
Gd 2.598(1) 2.674(1), 2.904(1), 3.078(1) 
K-Ca 2.590(1) 2.775(2), 3.038(1), 3.079(1) 
K-Sr 2.608(4) 2.804(6), 3.043(3), 3.089(3) 






Figure 5.1. An ORTEP representation (70% thermal ellipsoids) of the basic building block found in 
Kq 06^31.94^01 qOi6, as viewed perpendicular to the a axis. Note the strong apical-apical bond. 
Figure 5.2. An ORTEP representation (70% tliermal ellipsoids) indicating the stair-step manner in which 
the bioctahedral units interconnect in Kg ggCa^ .94^°1 g - Note the strong intercluster bond. 
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cations Is 2.78Â and the average intercluster distance is 2.68Â when the cations 
are trivalent. These values were calculated using members which have not been 
published, but are reported in the introduction.^® The mixed K-Ca and K-Sr 
members have intercluster and apical-apical bonding which is very similar to the 
pure divalent cation-containing materials. The K-Gd member formally donates 
5.34e" to the metal-metal framework. As might have been expected, but not 
observed until now, the intercluster metal-metal bond for such a K-Gd member is 
intermediate to those observed in (Mo^g i^e)'^ " (IVIo^gO^g) '^. This result 
convincingly demonstrates that the electrons filling the HOMO are in orbitals 
basically involved in intercluster bonding. 
The connectivity of these bioctahedral members can be viewed in Figure 5.2 
and 5.3. The connectivity can be formulated as l\/l2^[(Mo^ 0^6^4/2^^)^^]^ ' 
The oxygen atoms 01, 02, and 08 are edge-bridging only between Mo atoms in 
the same cluster and are labelled O'. The oxygen atoms corresponding to O'"' 
are edge-sharing between neighboring clusters, these are labelled 07. Oxygens 
considered O'"® (or O®"') are edge-bridging between molybdenum atoms of one 
cluster and terminal to another molybdenum in a neighboring cluster (or vice 
versa), these include 03, 04, 05, and 06. 
The cations in the quaternary KMMo^gO^g phases are essentially ten 
coordinate in oxygen, with all bond distances less than 3.1Â included. Figure 5.4 
shows this coordination sphere for both cations within a single pocket for 
Kg QgCa^ g^Mo^gO^g. Bottd valence sums around the cations were calculated 
based upon the method of Brown and Wu^® and have been previously detailed in 
Section 1. Bond valence sums around the major cations were acceptable, with 
s(Ca)=1.78(2), s(Sr)=2.0(1), and s(Gd)=2.44(6). The rather low occupancy of 
potassium on the cation sites will dictate that their calculated bond valence sums 
will not be reasonable, and this was observed: s(K)=2.80(6) for the K-Ca member, 
s(K)=2.2(1) for the K-Sr member, and s(K)=3.2(1) for the K-Gd member. These 
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Figure 5.3. An ORTEP representation (70% thermal ellipsoids) indicating the 
manner in which the bioctahedral units interconnect to form a cation 
pocl<et in Kg ggCa., g l^VIo^ gO., g. This view Is parallel to the a axis 
and cation-oxygen bonds have been omitted for clarity. 
Figure 5.4. An ORTEP representation (70% tliermai ellipsoids) indicating the cation coordination 
sphere in Kg oeCa^ 94MO^q0^6-
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very large values for the potassium cations In these compounds seems to indicate 
that potassium would find such a position very unfavorable. Therefore, it is 
surprising that this series even incorporates any potassium. The potassium 
content for the K-Ca member was determined by microprobe analyses and the 
K-Sr and K-Gd members had the cation occupancies determined by their 
respective single crystal refinements. 
Bond order and bond valence sums were also calculated for each of the 
molybdenums in the three quaternary members discussed. As previously 
described in Section 1, the goal of such calculations is to determine the number 
of electrons available for metal-metal bonding. The choice of cations in these 
quaternary members also allows a formal oxidation state to be calculated. Tables 
5.18, 5.19, and 5.20 detail the bond order and bond valence sums. Table 5.21 
compares the formal, bond order, and bond valence values. In all three cases, 
the molybdenum bond order sums are in good agreement with the formally 
derived electron counts if intercluster bonding is not included. Molybdenum bond 
valence calculations are in better agreement with the formal electron counts. 
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Table 5.18. Bond length-bond strength relationships for Kg QgCa^ .94^°1 o^16 
Atom d(Mo-Mo) n d(Mo-O) S 
Mol 2.825(1) 0.451(2) 2.052(6) 0.595(10) 
2.760(1) 0.576(2) 2.023(6) 0.648(11) 
2.751(1) 0.596(2) 2.025(6) 0.644(11) 
2.693(1) 0.742(2) 2.068(6) 0.568(10) 
2.710(1) 0.696(3) Es = 2.46(4) 
2.720(1) 0.670(2) 
2.759(1) 0.578(2) 
iCn = 4.31(1) 
Mo2 2.760(1) 0.576(2) 2.104(6) 0.512(8) 
2.775(2) inter 0.545(5) 2.112(6) 0.501(9) 
3.079(1) inter 0.173(1) 2.044(6) 0.609(10) 
2.758(1) 0.581(3) 2.120(6) 0.489(8) 
3.038(1) inter 0.2018(8) 2.023(6) 0.648(11) 
2.681(1) 0.777(3) Es = 2.76(5) 
2.754(1) 0.590(3) 
En = 2.86(2) 
Mo3 2.751(1) 0.596(2) 2.044(6) 0.609(10) 
2.693(1) 0.742(3) 2.135(6) 0.469(8) 
3.079(1) inter 0.173(1) 2.062(6) 0.578(10) 
2.758(1) 0.581(3) 2.080(6) 0.549(10) 
2.821(1) 0.458(2) 2.051(6) 0.597(10) 
2.590(1) 1.095(4) Es = 2.80(5) 
En = 3.65(2) 
Mo4 2.710(1) 0.696(3) 2.103(6) 0.514(9) 
3.038(1) inter 0.202(1) 2.106(6) 0.509(8) 
2.681(1) 0.777(3) 2.038(6) 0.620(11) 
2.821(1) 0.458(2) 1.946(6) 0.818(15) 
2.736(1) 0.631(2) 1.916(6) 0.898(17) 
En = 2.76(1) Es = 3.36(6) 
Mo5 2.720(1) 0.670(2) 2.054(6) 0.592(11) 
2.759(1) 0.578(2) 2.065(6) 0.573(10) 
2.754(1) 0.590(3) 2.060(6) 0.581(10) 
2.590(1) 1.095(4) 2.068(6) 0.568(10) 
2.736(1) 0.631(2) 2.080(7) 0.549(11) 
En = 3.56(1) Es = 2.86(5) 
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Table 5.19. Bond length-bond strength relationships for Kg ggSr^ o^16 
Atom d(Mo-Mo) n d(Mo-O) S 
Mol 2.827(5) 0.448(9) 2.08(2) 0.55(3) 
2.758(4) 0.581(9) 2.04(2) 0.62(4) 
2.748(4) 0.603(9) 2.00(2) 0.69(4) 
2.701(4) 0.720(11) 2.07(2) 0.57(3) 
2.721(4) 0.668(10) Es = 2.4(1) 
2.743(4) 0.615(10) 
2.766(4) 0.563(8) 
En = 4.20(7) 
Mo2 2.758(4) 0.581(9) 2.01(2) 0.67(4) 
2.804(6) inter 0.488(11) 2.11(2) 0.50(3) 
3.089(3) inter 0.166(1) 2.00(2) 0.69(4) 
2.769(4) 0.557(8) 2.11(2) 0.50(3) 
3.043(3) inter 0.198(2) 2.11(2) 0.50(3) 
2.691(4) 0.748(11) Es = 2.9(2) 
2.746(4) 0.608(10) 
En = 3.35(5) 
Mo3 2.748(4) 0.603(9) 2.05(2) 0.60(3) 
2.701(4) 0.720(11) 2.05(2) 0.60(3) 
3.089(3) inter 0.166(1) 2.09(2) 0.53(3) 
2.769(4) 0.557(8) 2.11(2) 0.50(3) 
2.823(4) 0.454(6) 2.07(2) 0.57(3) 
2.608(4) 1.023(15) Es = 2.8(2) 
En = 3.52(5) 
Mo4 2.721(4) 0.668(10) 1.88(2) 1.01(6) 
3.043(3) inter 0.198(2) 2.18(2) 0.41(2) 
2.691(4) 0.748(11) 2.06(2) 0.58(3) 
2.823(4) 0.454(6) 1.96(2) 0.78(5) 
2.747(4) 0.605(9) 2.14(2) 0.46(3) 
En = 2.67(4) Es = 3.2(2) 
Mo5 2.743(4) 0.615(10) 2.07(2) 0.57(3) 
2.766(4) 0.563(8) 2.05(2) 0.60(3) 
2.746(4) 0.608(10) 2.04(2) 0.62(4) 
2.608(4) 1.023(15) 2.09(2) 0.53(3) 
2.747(4) 0.605(9) 2.09(2) 0.53(3) 
En = 3.41(5) Es = 2.8(2) 
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Table 5.20. Bond length-bond strength relationships for KQ ggGd^ 67'^ °10*^16 
Atom d(Mo-Mo) n d(Mo-O) s 
Mo1 2.812(3) 0.474(6) 2.06(1) 0.581(16) 
2.788(2) 0.519(4) 2.02(1) 0.654(19) 
2.755(2) 0.587(4) 2.04(1) 0.617(18) 
2.681(2) 0.777(6) 2.06(1) 0.581(16) 
2.738(2) 0.626(4) Es = 2.43(7) 
2.723(2) 0.663(5) 
2.755(2) 0.587(4) 
En = 4.23(3) 
Mo2 2.788(2) 0.519(4) 2.04(1) 0.617(18) 
2.711(4) inter 0.693(10) 2.13(1) 0.476(13) 
3.076(2) inter 0.175(1) 2.04(1) 0.617(18) 
2.778(2) 0.538(4) 2.10(1) 0.518(14) 
2.961(2) inter 0.270(2) 2.14(1) 0.463(13) 
2.671(2) 0.806(6) Es = 2.69(8) 
2.771(2) 0.553(4) 
En = 3.55(3) 
Mo3 2.755(2) 0.587(4) 2.06(1) 0.581(16) 
2.681(2) 0.777(6) 2.08(1) 0.549(16) 
3.076(2) inter 0.175(1) 2.06(1) 0.581(16) 
2.778(2) 0.538(4) 2.15(1) 0.450(12) 
2.824(2) 0.453(4) 2.07(1) 0.565(16) 
2.601(2) 1.050(8) Es = 2.73(8) 
En = 3.58(3) 
l\/lo4 2.738(2) 0.626(4) 1.99(1) 0.715(21) 
2.961(2) inter 0.270(2) 2.13(1) 0.476(13) 
2.671(2) 0.806(6) 2.05(1) 0.599(18) 
2.824(2) 0.453(4) 1.99(1) 0.715(21) 
2.726(3) 0.655(7) 2.09(1) 0.533(15) 
En = 2.81(2) Es = 3.04(9) 
Mo5 2.723(2) 0.663(5) 2.07(1) 0.565(16) 
2.755(2) 0.587(4) 2.07(1) 0.565(16) 
2.771(2) 0.553(4) 2.05(1) 0.599(18) 
2.601(2) 1.050(8) 2.06(1) 0.581(16) 
2.726(3) 0.655(7) 2.10(1) 0.518(14) 
En = 3.51(3) Es = 2.83(8) 
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Table 5.21. Bond length-bond strength summations for MgMo^gO^g 
^0.06^^1.94^°10^16" Metal-Metal MCE(En) = 2E(En) = 34.3(1 )e' 
31.8(1)e" no inter 
Total valence of Mo^^ unit = 2E(Es) = 28.5(5) v.u. 
MCE = 6 e" X 10 - 28.5(5) = 31.5(5)e" 
Formalized oxidation states®: (6x10) - (2x16) + (1x0.06) + (2x1.94) = 31.94e" 
Kq o6Sri .94MOio0^6- Metal-Metal MCE(En) = 2Z(Zn) = 34.3(5)e' 
31.9(4)e" no inter 
Total valence of Mo^^ unit = 2E(Es) = 28(2) v.u. 
MCE = 6 e" x 10 - 28(2) = 32(2)e" 
Formalized oxidation states®: (6x10) - (2x16) + (1x0.06) + (2x1.94) = 31.94e" 
*^0 33^^1 67'^ °10^16- Metal-Metal MCE(En) = 2E(En) = 35.4(3)e" 
32.2(2)e" no inter 
Total valence of Mo^^ unit = 2E(Es) = 27.4(8) v.u. 
MCE = 6 e" X 10 - 27.4(8) = 32.6(8)e" 
Formalized oxidation states®: (6x10) - (2x16) + (1x0.33) + (3x1.67) = 33.34e" 
®0'^ , K^, Sr"*"^, Ca^^, Gd"*"®, and six electrons from each Mo 
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CONCLUSIONS 
The MgMo^o i^e series shows a remarkable flexibility to accept a variety of 
cations and also a significant range of MCE from 32 to 34e". The first 
synthesized quaternary dimeric oligomers have been reported here. The K-Ca 
and K-Sr members are essentially analogous to the pure Ca and Sr members, 
with respect to the prominent metal-metal apical and intercluster bonds, since the 
incorporation of potassium is so low. The Kg ggGd^ .67^°10^16 member exhibits 
an intermediate electron count. The resultant is an apical-apical Mo bond 
distance that is similar to the other members and an intercluster bond distance 
between those reported for the 32 and 34e" members. The direct correlation 
between intercluster cluster bonding and electron count demonstrates that the 
electrons in the HOMO are utilized in orbitals for intercluster bonding. The 
measured resistivity of BagMo^gO^g^ indicate semiconducting behavior. The 
K-Gd member may show metallic behavior since it has an uneven number of 
electrons and an even stronger intercluster metal-metal bond. 
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SECTION 6 
SYNTHESIS AND CHARACTERIZATION OF THE RE^Mo^O i^ SERIES: 
RE = Y, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, & Lu 
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INTRODUCTION 
The series RE^IVIo^O^^, where RE=rare earth cation, constitute a structure 
type containing infinite chains of trans edge-shared molybdenum octahedra 
similar to those observed in NaMo^Og,^ Scg ygZn^Mn^ gMOgO^^,^® 
ZnMOgO^O'^ ^ Gd^lVlo^gOgg.^^ A variety of structure types in these materials 
results from the manner in which the molybdenum octahedral chains interconnect, 
and concurrently, the coordination geometry preferred by the ternary metal. Quite 
unlike previously published work, the infinite octahedral molybdenum chains in the 
RE^Mo^O^ ^ series are not interconnected via bridging oxygens. These isolated 
infinite octahedral chains of Mo are bound through Mo-O-RE-O-Mo connections. 
This arrangement creates large, nearly rectangular, channels in which, not only 
the rare earth cations reside, but also oxygen atoms not associated with the 
molybdenum-oxygen framework. The structure of Ho^Mo^O^ ^ has been 
reported^® and the rare earth members Y, Nd, and Sm-Lu have been prepared 
and structurally characterized via single x-ray diffraction.^® The work presented 
here will cover the single phase preparation of the RE^IVIo^O^ ^ series and their 
magnetic and conductive properties. 
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EXPERIMENTAL 
Materials and Methods 
The synthesis of oxides containing molybdenum in relatively low oxidation 
states requires that the oxygen content be controlled stoichiometrically. 
Therefore, all reactions were carried out in evacuated (-1x10"^ torr) vessels made 
of fused silica. All reactants were thoroughly ground to produce a homogeneous 
mixture before being used as loose powders or pressed pellets. Mixed starting 
materials were subsequently stored in a desiccator. 
The starting materials included the rare earth oxides (Ames Lab Rare Earth 
Center), MoOg, and Mo. The drying and/or cleaning of the molybdenum 
containing reagents has been discussed in Section 1. The rare earth oxides were 
dried in open crucibles at 550°C for 2-5 days, and subsequently, cooled over 
desiccant. 
Physical Measurements 
X-ray powder diffraction 
An Enraf Nonius Delft FR552 triple focusing Guinier x-ray powder diffraction 
camera was used with Cu Ka^ radiation (K = 1.540562Â) generated from an AEG 
fine focus tube powered by a General Electric XRD-5 generator. National Bureau 
of Standards silicon powder was used as an external standard, due to the 
proximity of the (231) reflection (100% line) to the (111) of silicon. All materials 
could be indexed based on the orthorhombic space group Pbam using a least 
squares fit method. Some samples were also analyzed with a Scintag 2000 
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powder 0-0 diffractometer using Cu Kœ, radiation. For the Scintag 
measurements, the sample was pressed into a recessed region of a single crystal 
quartz plate.^^ 
Magnetic susceptibility 
The magnetic properties were examined on pellet and powder samples with 
a Quantum Design SQUID magnetosusceptometer at magnetic fields of 1 or 3 
Tesia and temperatures from 6 to 396 K. Pelletized samples were tied into a 
polyethylene straw with dental floss and powdered samples were loaded into 3 
mm o.d. fused silica tubes. Neither the floss nor the straw made any significant 
contribution to the magnetic signal over the temperature range used, in the 
systems where fused silica tubes were used, the empty tube was measured and 
subtracted as background. 
Electrical resistivity 
Electrical resistivity measurements were carried out on pressed pellets (8800 
psi) that had been sintered in evacuated fused silica ampoules at 1250°C for one 
day. These measurements were based on the van der Pauw '^^  four probe 
method for electrical conductivity. The basic method employs the passage of a 
constant current through two leads of the sample while, concurrently, measuring 
the potential drop across the other two leads at a given temperature. The sample 
was prepared by attaching four platinum wires to the pellet with DuPont 
Conductor Composition (silver epoxy/n-butyl acetate). The voltage drop across 
the sample and the temperature were recorded every 2 K with a platinum 
thermocouple from 78-295 K. 
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Scanning electron microscopy 
A Cambridge S-200 scanning electron microscope was employed for 
qualitative elemental analysis using a Tracor Northern Micro Z-ll energy 
dispersive spectrometer (EDS) with a beryllium window. Powdered samples 
and/or crystals were loaded on a metal disk via Scotch double-stick tape and 
sputter-coated with gold to improve their conductance. 
Transmission electron microscopy 
A Philips CM30 transmission electron microscope was used to determine the 
presence or absence of any superstructure ordering. An approximate one to one 
mixture of microcrystalline sample and G-1 Epoxy from Gatan was placed 
between lens paper, pressed between aluminum plates, and cured at 120°C for 
ten minutes. A three millimeter disk was punched out, thinned to -20 |xm by 
dimpling, placed on a 200 mesh copper grid for support, and subsequently, ion 
milled until a hole was obsen/ed. The sample and supporting grid assembly then 
were loaded into the TEM sample holder for investigation. 
Synthesis 
Crystalline x-ray pure RE^Mo^O.,(RE=Y,Nd,Sm-Lu) powder can be 
prepared from intimately mixed powders of REgOg, MoOg, and Mo (4:5:3 mole 
ratio), except for RE=Tb where the mixed valent oxide, Tb^Oy, was used with 
MoOg, and Mo (3:6:6 mole ratio). The thoroughly mixed reagents were loaded 
into fused silica tubes as powders or pressed pellets, evacuated, and then 
double-sealed in fused silica tubes. All reactions were fired at 1250°C for 2-13 
days and cooled at a rate of 100°C/hr to 800°C, at which time they were 
quenched to room temperature in air. In particular, the length of firing (and form 
of the sample) were 11 days (pellet) for Y, 8 days (powder) for Nd, 4 days 
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(powder) for Sm, 6 days (pellet) for Eu, 2 days (pellet) for Gd, 13 days (pellet) for 
Tb, 4 days (powder) for Dy, 6 days (pellet) for Ho, 6 days (pellet) for Er, 13 days 
(pellet) for Tm, 5 days (powder) for Yb, and 12 days (powder) for Lu. In general, 
the particle size was -20 p,m parallel to the Mo octahedral chains (c axis) and 
-4 |im perpendicular to it (a or b axes). A typical powder x-ray diffraction pattern 
for the Y^IVIo^O^i ^ member is shown in Figure 6.1. Synthesis of the members 
containing Sc, La, Ce, and Pr was not successful over a range of temperatures 
and times: 1150-1250°C and 1-21 days. 
35 45 
Two Theta 
Figure 6.1. X-ray powder diffraction pattern of Y^Mo^O^^ from 8-80° two theta using Cu Kœ, radiation. 
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RESULTS AND DISCUSSION 
Discussion of Properties 
X-ray powder diffraction 
The calculated least-squares fit of the x-ray powder diffraction data to derive 
the lattice parameters for the RE^Mo^O^ ^ members is given in Table 6.1. A 
complete listing of the actual reflections measured and used in the least-squares 
routine can be found in Appendix A. Figures 6.2-6.5 show the nearly linear 
decrease in all the lattice parameters and unit cell volumes from Nd^Mo^O^ ^ to 
Lu^lVlo^O^ ^. These trends correspond quite well with the decrease in ionic radii 
of the RE(III) cations tabulated by Shannon.^^ Yttrium and holmium have nearly 
identical ionic radii and thus the Y^IVIo^O^ ^ member also conforms with the 
series. The two smallest members of this series, Yb and Lu, have axial lengths 
Table 6.1. Lattice parameters for RE^Mo^O^^ 
Rare 
Earth a(Â) b(Â) c(Â) 
Number of 
Volume (Â®) Reflections 
Y 10.654(1) 15.814(2) 5.6497(9) 951.7(6) 93 
Nd 10.982(2) 16.245(4) 5.7438(8) 1024.7(6) 36 
Sm 10.885(2) 16.114(3) 5.7219(6) 1003.6(5) 35 
Eu 10.843(2) 16.046(3) 5.7065(8) 992.9(5) 79 
Gd 10.799(1) 15.992(2) 5.6968(8) 983.8(4) 97 
Tb 10.738(3) 15.918(4) 5.6795(14) 970.8(8) 43 
Dy 10.700(1) 15.868(2) 5.6686(7) 962.5(3) 54 
Ho 10.670(1) 15.815(2) 5.6571(8) 954.6(3) 95 
Er 10.630(1) 15.768(2) 5.6431(8) 945.9(3) 91 
Tm 10.602(3) 15.734(3) 5.6353(8) 940.0(6) 53 
Yb 10.606(3) 15.683(5) 5.6207(18) 934.9(9) 66 
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Rgure 6.3. Variation of the b axis lattice parameter as a function of rare earth volume for RE^Mo^O^^ 
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Figure 6.5. Variation of the unit cell volume as a function of rare earth volume for the RE^Mo^O^^ 
219 
with errors in the c direction that have become relatively large. Although these 
two members could be indexed in the same space group based upon x-ray 
Guinier work, single crystal studies have indicated a symmetry lower than 
orthorhombic may be required J ^  The Inability to prepare the Ce and Pr 
members might indicate the upper limit of cation size acceptable to form this 
phase. Gougeon^^ noted that the preparation of single crystals of Nd^h/lo^O^ ^ 
has been exceptionally difficult. 
The Gd^lVlo^O,, ^ was studied, briefly, by electron microscopy. The results of 
the electron diffraction appeared to conform to the single x-ray crystal structure 
determination. No superstructure, or detectable break in the symmetry required 
by the orthorhombic space group, was expected or observed. Perhaps the Yb 
and Lu members, which appear to deviate from the trends observed in the lattice 
parameters of the other members, should be examined by TEM. 
Magnetic susceptibility 
Magnetic susceptibility measurements verify that the rare earth cations are in 
the +3 oxidation state and that the molybdenum oxide framework is essentially 
diamagnetic. The Y and Lu members have small paramagnetic impurity tails at 
low temperatures, that, when corrected, leave a residual moment that most likely 
arises from temperature independent paramagnetism (TIP) contributions. The 
Eu^Mo^O.|^ contains a -15% impurity of Eu(ll), which, based on x-ray powder 
data, corresponds to EuMOgOg.^® Equation 1 was used to fit the magnetic data. 
Xm = C(T-9)-1 + (1) 
Here, C = Np^|i^(3k)'^  and X° = 5Cd + %TIP' where Xp is the diamagnetic core 
contribution and %y|p is the contribution from temperature independent 
paramagnetism. Table 6.2 summarizes these results and Appendix B contains 
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the plots of magnetic susceptibility versus temperature. The magnetic information 
derived in Table 6.2 via Equation 1 was programmed by Wayne M. Syvinski. 
Electrical resistivity 
Four probe resistivity measurements were taken on sintered, pressed pellets 
of Gd^lVlo^O^ ^ and Y^IVIo^O^^. The distinctive increase in resistance with 
decreasing temperature characterizes these materials as semiconductors. Plots 
of the resistivity ratio (P/P295) versus temperature and log p versus 1/temperature 
(inset) are shown in Figure 6.6 for Gd^Mo^O^ ^ and Figure 6.7 for 
The log p versus 1/T could be fit by a linear least squares method based on 
Equation 2, where A is the band gap and âJk Is the slope. The data for 
log p = A/kT (2) 
Gd^Mo^O^ ^ was fit from 90-224 K and resulted in a band gap of 25 meV. The 
Table 6.2. Magnetic properties of the RE^Mo^O^i 
%D %TIP Rare Temperature 
Earth fig/RE C e (XIO'G) Range (K) 
ya 0.15 --- — — —  -288 ------ 65-376 
Nd 3.40 5.8 -30 2752 -320 3070 50-380 
Eu') 4.37 9.6 -135 108 -320 428 95-390 
Gd 7.91 31.3 -10 1321 -320 1641 10-400 
Tb 9.61 46.2 -17 1397 -316 1713 10-400 
Dy 10.14 52.9 -13 1298 -316 1614 60-330 
Tm 7.66 29.4 -10 3011 -312 3323 15-360 
Yb 4.07 8.3 -26 2299 -312 2611 60-400 
Lu® 0.05 — —— -308 60-400 
^Diamagnetic with a small paramagnetic impurity tail at low temperature 
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Figure 6.6. Resistivity ratio of Gd^Mo^O^^ versus temperature. Tlie inset shows the nearly linear 























Rgure 6.7. Resistivity ratio of Y^Mo^O.,., versus temperature. The inset shows the nearly linear 
relationship between the log(p/p2gg) versus 1/T, indicating its semiconducting behavior. 
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band gap resulting from the data for Y^IVIo^O.|^ was 27 meV, where the fit was 
from 100-300 K. The observed behavior, an opening of a small gap, correlates 
with the Peierls type distortion (pairing) of the apical molybdenum atoms observed 
in the single crystal structure refinements.^®'^ ® 
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CONCLUSIONS 
The RE^IVIo^O^ ^ series forms a class of materials in which the trans edge-
shared Mo octahedra are isolated from each other by rare earth cations and 
oxygen atoms which fill the volume around the chains. The series is well 
behaved with respect to the unit cell parameters and magnetic and conductive 
properties. The RE^IVIo^O^ ^ members are small band gap semiconductors with 
all the rare earth cations found as RE(III). The unit cell parameters decrease 
from RE=Nd to Lu, as expected by the lanthanide contraction concept. The Yb 
and Lu members appear to deviate with respect to the unit cell parameter trends; 
this result may be the consequence of the relatively small cation size. The Sc, 
La, Ce, and Pr members could not be prepared by the synthetic efforts put forth 
here. The oxidation or reduction of the molybdenum octahedral chains in these 
materials is an area of further study that may expand the comprehension of this 
class. Promising preliminary work was observed for Ca^^Gd^.^^lVlo^O^ ^ (x>0.5).^®^ 
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SECTION 7 
SYNTHESIS AND CHARACTERIZATION OF Pbg g^WOgi 
A TETRAGONAL TUNGSTEN BRONZE CONTAINING LEAD 
226 
INTRODUCTION 
The synthesis of Pb^^W^Og, the tungsten analog of Pb^ yylVlo^Og, was 
attempted. Unfortunately, the only products of these synthetic endeavors were 
tetragonal lead tungsten bronzes, Pb^WOg. The first two structures reported for 
tetragonal tungsten bronzes came in 1949 by Magnéli In both cases, the 
structural details were determined by film work on Kj^WOg (0.475^^0.57) and 
Na^WOg (0.28^^0.38). During the 1960's, the bronzes were studied for their 
electrical properties. A report by Bernoff and Conroy discussed the lead tungsten 
tetragonal bronzes®®, but again only film work was reported. A series of barium 
tetragonal tungsten bronzes was also briefly discussed by Yokokawa and Conroy 
in 1965.®^ Magnéli's work on the sodium bronzes mentioned the presence of 
weak superlattice reflections. In 1976, Takusagawa and Jacobson®® reported 
single crystal structures for Nag ggWOg (R=0.089) and Nag^WOg (R=0.084). 
They discussed the disorder present in these phases and potential superstructure 
that would be necessary to account for it. Finally, a series of lead tungsten 
bronzes was studied by Ekstrom and Tilley.®® In this paper, bronzes with the 
composition Pb^WOg (0^^0.17) were explored. They used HREM to study the 
intergrowth phases that existed between the bronzes and WOg. 
Curiously, the structural determination of tetragonal tungsten bronzes by 
modern diffractometer methods has only been reported for two sodium members. 
No doubt, the basic tungsten oxide framework, as reported by Magnéli, is correct. 
Perhaps the true structural interest may lie in the determination of the oxygen 
coordination environment chosen by the cation, and the role that the cation may 
perform in any potential superstructure. The synthesis, structure, and 
characterization of the lead tungsten bronze, Pbgg^WOg will be discussed. 
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EXPERIMENTAL 
Materials and Methods 
The synthesis of oxides containing tungsten in oxidation states less than six 
requires that the oxygen content be controlled stoichiometrically. Therefore, all 
reactions were carried out in evacuated (-1x10"^ torr) fused silica or nickel tubes. 
The starting reagents included Pb, PbO, W, and WO3. Lead metal (Fisher) 
was dried under dynamic vacuum at 120°C for six hours, a similar procedure was 
also followed for tungsten metal (General Electric, 99.9%). The lead(ll) oxide 
(Aldrich, 99.9%) was used directly from the bottle. Tungsten trioxide (Amend Drug 
& Chemical Co.) was fired overnight in an open crucible at 800°C and 
subsequently cooled in a desiccator. Nickel tubing (3/8" o.d. & 9/32" i.d.. Tube 
Sales) was dipped in dilute nitric acid, thoroughly rinsed with distilled water and 
dried at 140°C overnight. All reagents were thoroughly mixed and unfired 
powders were stored in a desiccator. 
Physical Measurements 
X-ray powder diffraction 
An Enraf Nonius Delft FR552 triple focusing Guinier x-ray powder diffraction 
camera was used with Cu Ko, radiation (K = 1.540562Â) generated from an AEG 
fine focus tube powered by a General Electric XRD-5 generator. National Bureau 
of Standards silicon powder was used as an external standard. 
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Magnetic susceptibility 
The magnetic properties were examined on microcrystalline powders with a 
Quantum Design SQUID magnetosusceptometer. The samples were loaded into 
a 3mm inner diameter quartz tube that had been sealed on the bottom half with 
3mm outer diameter quartz rod. A quartz rod also was placed in the top half of 
the loaded sample tube, which then was mounted in an apparatus that allowed 
evacuation of the sample tube and purging with helium gas. To eliminate water, 
the system was heated to 120°C for an hour under dynamic vacuum. After 
cooling, the system was pumped and purged with helium three more times. The 
upper quartz rod was pushed into place under a partial pressure of helium (to 
facilitate temperature equilibration during measurements), sandwiching the sample 
between "solid" quartz, and sealed off. This procedure was used to eliminate 
oxygen contamination, which has an antiferromagnetic transition at -50 K. The 
experimental data were corrected for the diamagnetic contribution from the 
quartz. Measurements on empty quartz tube/rod assemblies, with varying gap 
sizes, indicated that the diamagnetic contribution from the quartz was related to 
the size of the gap. Since the signal versus gap size could be fit by a line, the 
correction was simply employed by measuring the length of the gap containing 
the sample. 
Scanning electron microscopy 
A Cambridge S-200 scanning electron microscope was employed for 
qualitative elemental analysis using a Tracor Northern Micro Z-il energy 
dispersive spectrometer (EDS) with a beryllium window. Powdered samples 
and/or crystals were loaded onto a metal disk via Scotch double-stick tape and 
sputter-coated with gold to improve their conductance. 
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Transmission electron microscopy 
A Pliilips CM30 transmission electron microscope was used to determine tlie 
presence or absence of any superstructure ordering. An approximate one to one 
mixture of microcrystailine sample and G-1 Epoxy from Gatan was placed 
between lens paper, pressed between aluminum plates, and cured at 120°C for 
ten minutes. A three millimeter disk was punched out, thinned to -20 |im by 
dimpling, put on a 200 mesh copper grid for support, and subsequently ion milled 
until a hole was obsen/ed. The sample and supporting grid assembly were 
subsequently loaded into the TEM sample holder for investigation. 
Microprobe analysis 
Elemental analyses were completed by Dr. Alfred Kracher (Department of 
Geological and Atmospheric Sciences) on an ARL SEMQ microprobe. The 
instrument was equipped with wavelength dispersive spectrometers (WDS) and 
operated at 15 kV and 25 nA. Single crystal samples were mounted In Epo-Tek 
301-2 epoxy resin, dried, and polished to produce a flat surface. Prior to 
examination, the samples were sputtered with carbon to insure conductivity. 
Peak profiles and backgrounds were measured for the standards, which included 
WOg and PbS. Data were analyzed using Probe®® software. 
Synthesis 
The tetragonal lead tungsten bronze was initially prepared from a reaction 
mixture containing a 3:5:7 mole ratio of Pb, WOg, and W (in an attempt to 
prepare PbW^Og). The loose, mixed powders were loaded into a nickel tube that 
had been pinched off at the bottom. The system was evacuated and the tube 
pinched off at about 3 cm in length. The loaded nickel tube was placed in a 
protective fused silica jacket and evacuated before firing. The reactants were 
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fired at 950°C for five days and furnace cooled. The contents of the nickel tube 
was composed mainly of blue/black needle crystals (up to 3 mm in length), a few 
very small tan, transparent needle crystals, and a red/brown powder. A powder 
pattern of the materials indicated lead tungsten bronzes and tungsten metal. 
Preliminary film work and TEM selected area diffraction Indicated that the 
blue/black crystals contained a complicated superstructure. Some of these 
crystals were reloaded into a fused silica tube, evacuated, and subsequently 
annealed at 900°C for six days, cooled at -20°C/hour to 400°C, and then furnace 
cooled. Preliminary film work indicated better crystal quality, and these annealed 
crystals were subsequently used for single crystal structure determination. 
Single phase Pbo g^WOg was obtained by reacting a homogeneous mixture 
of PbO, WO3, and W containing the correct stoichiometric ratio. The sample was 
fired at 950°C in an evacuated fused silica tube for five days, cooled at 
~50°C/hour to 400°C, and then furnace cooled. 
X-ray Powder Diffraction 
The observed versus calculated d-spacings and relative intensities are given 
in Table 7.1. The calculated d-spacings were derived from the lattice parameters 
determined by single crystal indexing. All d-spacings are based on Cu KoL, 
radiation and could be matched based upon the sublattice. No superstructure 
lines were observed. 
231 
Table 7.1. X-ray powder diffraction data for Pbg g^WOg 
d-spacing (A) Intensity® hkl 
observed calculated^ 
8.668 8.630 w 110 
6.123 6.103 vw 200 
4.326 4.315 w 220 
3.867 3.860 s 310 
3.789 3.778 s 001 
3.472 3.461 vw 111 
3.392 3.385 s 320 
3.223 3.212 m 201 
3.113 3.106 s 211 
3.060 3.051 vw 400 
2.966 2.960 s 410 
2.884 2.877 m 330 
2.851 2.842 m 221 
2.734 2.729 m 420 
2.706 2.700 s 311 
2.528 2.521 s 321 
2.379 2.374 w 401 
2.336 2.330 w 411 
2.271 2.266 vw 520 
2.218 2.212 w 421 
2.162 2.158 WW 440 
2.099 2.093 w 530 
2.056 2.050 vw 501 & 431 
2.041 2.034 vw 600 
2.026 2.022 vw 511 
2.012 2.006 vw 610 
1.948 1.944 w 521 
1.934 1.930 m 620 
1.894 1.889 s 002 
1.824 1.819 w 630 
1.795 1.791 w 601 
1.730 1.726 s 710/550 
1.722 1.719 s 621 
^Intensity: s=strong, m=medium, w=weak, v=very, and b=broad 
^Refined tetragonal cell parameters determined from single crystal indexing; 
a=b=12.193(4)Â and c=3.774(4)À 
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Table 7.1. (continued) 
d-spacing (A) Intensity® hkl 
obsen/ed calculated® 
1.706 1.702 m 541 
1.701 1.697 w 312 
1.654 1.650 w 322 
1.643 1.639 w 631 
1.596 1.592 s 412 
1.583 1.579 w 332 
1.573 1.570 s 711/551 
1.566 1.563 vw 650 
1.557 1.553 w 422 
1.548 1.545 w 641 
1.536 1.532 w 721 
1.529 1.526 w 800 
1.517 1.514 w 810 & 740 
1.483 1.480 w 820 
1.455 1.451 WW 522 
1.447 1.444 w 651 
1.442 1.438 vw 660 
1.431 1.428 w 830 
1.422 1.419 w 750 
1.416 1.415 WW 801 
1.405 1.402 W 532 
1.381 1.378 VW 821 
1.352 1.350 w 662 
1.344 1.342 vw 542 
1.339 1.336 w 831 
1.331 1.328 w 751 
1.313 1.310 w 632 
1.276 1.274 s 712 & 552 
1.261 1.259 w 003 
1.251 1.249 w 921 
1.241 1.239 w 940 
. 1.235 1.233 w 770 
1.229 1.227 w 213 
1.222 1.221 w 1000 
1.198 1.197 m-b 313 
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X-ray Single Crystal Data Collection 
A blue/blacl< needle having the dimensions 0.05 x 0.05 x 0.2 mm® was 
mounted on a glass fiber with Devcon five minute epoxy resin. A Rigaku AFC6R 
rotating anode diffractometer was used with graphite monochromated Mo Ka 
radiation (X,=0.71069Â) generated at 7 kW. Lattice parameters and an orientation 
matrix for data collection were derived from 10 randomly located and centered 
reflections with a two theta range of 13-20°. The tetragonal lattice had cell 
dimensions of a=12.188(6)Â, b=12.191(6)Â, c=3.777(1)Â, and 
volume=561.2(5)Â®. Three standard reflections were measured every 150 
reflections and showed no apparent variation in intensity during the data 
collection. A refinement on 20 reflections with strong intensity and two theta 
values between 33 and 40° gave an idealized cell with the following lattice 
parameters: a=b=12.193(4)Â, c=3.774(4)Â, and volume=561.1(9)Â®. Data were 
collected at room temperature from 0 to 56° in two theta in the octants (±h,k,l), 
using an co-20 scan mode. The number of reflections measured was 818, of 
which 484 were observed with l>3a(l) and 281 were unique with i>2.65a(l). The 
linear absorption coefficient for Mo Ka was 748.52 cm'^ . An empirical absorption 
correction®^ was applied based upon two azimuthal scans of reflections with an 
average transmission range of 0.660-1.000. The intensity data were corrected for 
Lorentz and polarization effects. 
Structure Solution and Refinement 
The space group P4/mbm (#127) was chosen based upon the systematic 
absences of Okl: k?i2n and hkO: h^2n. There were no violations. The structure 
was solved by direct methods using SHELXS®^ (R=0.001) and refined on I FI by 
full matrix least squares techniques®® with the TEXSAN®® package. Atomic 
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positions for Pb1, W1, W2, 01, and 02 were located through the direct methods 
output. Refinement of these positional parameters gave R=22%. From a Fourier 
difference map, OS, 04, and 05 positions were located and entered. 
Simultaneously, the Pb1 occupancy was allowed to refine; this set of conditions 
converged at R=10%. The thermal parameters of the three heavy atoms were 
allowed to refine isotropically and lowered the refinement to 7.0%. The 
temperature factors for the oxygens were refined isotropically and, subsequently, 
the three heavy atom temperature factors were refined anisotropically. This 
refinement converged at R=6.0%. The largest peak in the electron difference 
map was located ~0.5Â away from Pbl ; this peak was assigned as Pb2, and 
entered as a low occupancy lead satellite. Subsequently, the Isotropic thermal 
parameters of Pb2 were fixed equivalent to Pb1 and the occupancy over the two 
cation sites was varied. The temperature factors for oxygen 01 and 04 could be 
refine anisotropically, however, their thermal behavior was erratic. The total lead 
occupancy was manually varied to a final value of -76%, where the lowest R 
factor was achieved. This occupancy was divided with 62.(2)% of the Pbl site 
filled and 14.(2)% of the Pb2 site filled. The anisotropic temperature factor for 
Pb2 could be refined, however, it proved to be deleterious to the thermal behavior 
of all the other atoms. Therefore, the isotropic value for Pb2 was used. The final 
formulation of this bronze was Pbg 31WO3 This set of conditions converged at 
R=3.06% and R^=3.16% when a secondary extinction correction (2.0(2)x10'^ ) 
was included. The largest and smallest peaks in the electron difference map 
were +5.2e/Â® located 0.5Â from 05 and -2.9e/Â® at 1.5Â from W1. 
Details of the data collection and refinement of Pbg 3-1 WOg are given in 
Table 7.2. Final positional parameters and isotropic temperature factors are given 
in Table 7.3. Anisotropic temperature factors are listed in Table 7.4. Selected 
metal-oxygen interatomic distances and bond angles are found in Table 7.5. 
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Table 7.2. X-ray crystallographic data for 
formula Rbpg^WOg 
formula weight 295.25 
crystal system tetragonal 
space group P4/mbm (#127) 
a, A 12.193(4) 
b, Â 12.193(4) 
c, Â 3.774(4) 
volume, Â® 561.1(9) 
Z 10 
calculated density, g/cm® 8.701 
FOOO 980 
crystal size, mm® 0,05 x 0.05 x 0.2 
p,(Mo Ka), cm"^ 847.520 
diffractometer Rigaku AFC6R 
X, Â, graphite monochromator 0.71069 
temperature, °C 24 
two theta range, degrees 0-56 
scan mode cû-26 
No. reflections collected 818 
No. observations (I>3ct(I)), (unique: (l>2.65a(l))) 484 (281) 
No. variables 34 
goodness of fit® 0.895 
max. shift in final cycle 0.001 
largest peaks in final diff. map, e/Â® +5.2, -2.9 
transmission coefficient 0.660-1.000 
R^° 0.0306, 0.0316 
^Quality of fit = [ Ed FJ -I FJ )^/<Nobs-Nparameters' 
bR = E||Fj4Fj|/E|F| 
''Rw = [ Emd Fj -1 Fj }2/E(O1 FJ (o=1/(f{| FJ ) 
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Table 7.3. Atomic coordinates for Pbg g-jWOg 
Atom Wyckoff # X Y Z V 
Pb1^ 4h 0.8318(2) 1.3313 0.5 2.75(7) 
Pb2'^  4h 0.807(1) 1.3068 0.5 2.8 
W1 2d 0.5 0.0 0.0 0.55(3) 
W2 81 0.79520(7) 0.07538(6) 0.0 0.34(3) 
01 81 0.498(1) 0.154(1) 0.0 3.(1) 
02 4g 0.714(1) 1.2143 0.0 1.0(4) 
03 8i 0.854(1) 0.931(1) 0.0 1.4(3) 
04 8j 0.710(2) 0.579(2) 0.5 3.(1) 
05 2c 0.0 0.5 0.5 4.(1) 
®The equivalent isotropic temperature factor, Bg_, is defined as Stc^/S 
{EjEj(Ujja'ja^^j'^ j)}, where the summations of i and j range from 1 to 3 
^Pb1 and Pb2 have occupancies of 62(2)% and 14(2)%, respectively 
Table 7.4. Anisotropic temperature factors® (Â^x10^) for Pbg g^WOg 
Atom^ Ui1 ^22 ^33 Ui2 Ui3 ^23 
Pb1 39.(1) 39. 26.(2) -6.(1) 0.0 0.0 
Pb2° 35.0 
W1 5.2(3) 5.2 10.(1) -3.2(7) 0.0 0.0 
W2 3.2(4) 4.1(4) 5.6(5) -0.3(3) 0.0 0.0 
oi 6.(7) 12.(8) 100.(20) -2.(7) 0.0 0.0 
02 13.(5) 
03 17.(4) 
04 80.(20) 40.(10) 10.(10) 10.(20) 0.0 0.0 
05 50.(10) 
®The coefficients U» of the anisotropic temperature factor expression are defined 
as exp(-2n^(a*2Ui\ h2+b*2U22k^+c*2U33l^+2a*b*U^ 2hk+2a*c*U^ 3hl+2b*c*U23kl)) 
thermal parameters of oxygens 02, 03, and 05 would refine only isotropically 
°Pb2 thermal parameter was refined isotropically, and fixed to the Pb1 value: 2.8 
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Table 7.5. Select interatomic distances (Â) and angles (degrees) for Pbg g^WOg^ 
Pbl "Pb2^ 0.42(2) Pb1-01 2.78(1) (x4) 
Pb1-02 2.76(2) (x2) Pb1-03 3.19(1) (x4) 
Pb1-04 3.12(2) (x2) Pb1-05 2.910(3) 
Pb2-01 3.04(2) (x4) Pb2-02 2.47(2) (x2) 
Pb2-03 3.12(1) (x4) Pb2-04 2.79(3) (x2) 
W1-01 1.87(2) (x4) W1-05 1.887(2) (x2) 
W2-01 1.97(2) W2-02 1.960(6) 
W2-03 1.90(2) W2-03' 1.87(2) 
W2-04 1.889(2) (x2) 05-W1-05' 180.0 
01-W1-01' 89.(1) (x2) 01-W1-01' 91.(1) (x2) 
oi-wi-or 180.0 (x2) 01-W1-05 90.0 (x2) 
01-W2-02 88.3(8) 01-W2-03 83.8(7) 
01-W2-03 178.7(7) 01-W2-04 88.9(7) (x2) 
02-W2-03 172.2(8) 02-W2-03 93.0(8) 
02-W2-04 87.8(7) (x2) 03-W2-03' 95.(1) 
03-W2-04 92.0(7) (x2) 03-W2-04 91.2(7) (x2) 
04-W2-04 175.(1) W1-01-W2 151.(1) 
W2-02-W2' 150.(1) W2-03-W2' 175.(1) (x2) 
W1-05-W1' 180.0 
®Atoms with primed numbers are related to those with unprimed numbers by 
symmetry constraints of space group 127. 
''Both lead sites are partially occupied. 
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RESULTS AND DISCUSSION 
Description of Structure 
The basic buiiding block in the tetragonal tungsten bronze structures is the 
tungsten centered oxygen octahedra. These octahedra share waist vertices to 
form a network in the ab plane and apical vertices are shared with octahedra in 
adjacent layers in the c direction. This arrangement in which octahedra share 
vertices, as viewed in the ORTEP^° Figure 7,1, creates three different types of 
channels that extend parallel to the c axis. The vacant sites in the smallest 
channels are surrounded by six oxygen atoms in a trigonal prismatic array and 
are too small to be occupied by a cation. The medium-sized channel has a 
square arrangement of oxygens, which would allow a cation to have either square 
planar coordination or reside in the center of a cube of oxygens. In the sodium 
tetragonal tungsten bronzes, where the sodium content is greater than 0.3, this 
channel is occupied. For large cations, such as lead, the only channel occupied 
is the largest one, with a pentagonal opening formed by five vertex-sharing 
octahedra. Since all octahedral waist oxygen atoms are shared at the same 
height in the c direction, the channels undulate, wider at the level of the apical 
oxygen of the octahedra and narrower at the waist level. Both Pb1 and Pb2 
reside at the same height in the c direction as the apical oxygen atoms. 
Consequently, they are only separated in the ab plane by 0.42(2)À. The Pb1 
coordination environment is depicted in Figure 7.2. Pb1 has a more uniform set 
of lead-oxygen distances (2.76-2.91 Â) forming a monocapped trigonal prism, 
where the trigonal prism consists of six oxygen atoms which also belong to the 
waist octahedra, and the capping oxygen atom which is also an apical oxygen in 
the octahedra. Six other oxygens (four waist and two apical) have long lead-
oxygen distances, Pb1 -03 at 3.19(1 )Â and Pb1-04 at 3.12(2)Â. As viewed in 
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Figure 7.1. The ORTEP representation (70% thermal ellipsoids) of the 
Pbo g^WOg unit cell, as viewed parallel to the c axis. 
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Pbl 
Figure 7.2. An ORTEP drawing (70% thermal ellipsoids) of the Pb1 
coordination environment by oxygen 
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Figure 7.3, the oxygen coordination environment is quite irregular around Pb2, the 
satellite position. The coordination sphere includes two short Pb2-02 bonds at 
2.47(2)Â and two medium Pb2-04 bonds at 2.79(3)Â . All four of these oxygen 
atoms are located on one side of the tunnel and there are eight more oxygens at 
long coordination distances (3.04-3.12Â), located on the opposite side of the 
tunnel. 
The structures of the tetragonal sodium tungsten bronzes®® contained 
disorder in the oxygen positions which was interpreted as two different domains in 
which the metal centered oxygen octahedra tilt In different directions. The 
structural refinement of the Pbg 31 WOg did not seem to exhibit oxygen disorder, 
although the thermal parameters of the oxygens were not well behaved. Instead, 
the Pbg 31WO3 phase displays two positions in which the lead cation can reside 
within the pentagonal tunnel. The majority site, Pbl, is equivalent (within la 
standard deviation) to the position of the sodium cation in the Nag^WOg and 
Nao 33WO3. Perhaps, the flexibility of the lead cation to adjust to a variety of 
coordination environments promotes this behavior. 
Microprobe analyses on crystals of Pb^^WOg confirmed the composition 
determined by the single crystal refinement. Five measurements on five different 
grains gave an average molar composition of Pbo.306(i)W03. 
The octahedral oxygen coordination environment around W1 is quite regular, 
in terms of bond distances (~1.88Â) and bond angles (90±1 °). However, the W2 
coordination environment is noticeably distorted. The tungsten-oxygen bond 
distances range from 1.87(2)Â to 1.97(2)Â and interior bond angles, O-W-O, vary 
from 87 to 95°. Both octahedra are shown in Figure 7.4, although the perspective 





Figure 7.3. The ORTEP drawing (70% thermal ellipsoids) of the Pb2 
coordination environment by oxygen 
Figure 7.4. Tlie octahedral coordination of oxygen around (a) W1 and (b) W2, drawn with 70% thermal ellipsoids 
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Discussion of Properties 
Bond lengtli-bond strength relationships 
The numerical values resulting from bond length-bond valence calculations, 
as discussed previously in Section 1, are found in Table 7.6 for Pbg g^WOg. The 
empirical bond valence equation (Equation 1 ) developed by Brown and Wu'^ ® was 
s(cation-O) = [R(cation-0)/R(1 )]'^  (1 ) 
used with values of R(1 ) and (N), for W and Pb^"'" respectively, of 1.904Â (6.0) 
and 2.044Â (5.5). These calculations indicate that both tungstens have a valence 
of about six, however, W2, which is found in a more distorted coordination 
environment, is also slightly more reduced than W1. Bond valence sums around 
the two lead position indicate that they are both divalent, as expected. 
Magnetic properties 
The magnetic susceptibility of was measured on a polycrystalline 
sample over the temperature range 6-376 K. The data were corrected for 
diamagnetic core contributions, based on atomic values reported by Selwood."^® 
Figure 7.5 displays the molar susceptibility of Pbg g^WOg versus temperature. 
The tail at low temperature most likely arises from a small concentration of 
paramagnetic impurities. The relative constant and positive susceptibility 
observed above 100 K is characteristic of a Pauli paramagnetic material. 
Because access to a four probe single crystal resistivity unit was not 
available, a qualitative measurement of the resistivity was made on the bronze. A 
needle crystal of Pbg 31 WOg was placed on a glass slide and a pair of platinum 
wires were attached to it with silver epoxy resin. A measurement of the 
resistance at room temperature with a typical multimeter indicated -400 ohms. 
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The sample was cooled with liquid nitrogen and the resistance across the crystal 
decreased, behavior typical of a metal. This value can be contrasted to 
semiconducting materials which usually gave readings of -3000-10000 ohms 
using this method. This interpretation is in agreement with the metallic behavior 
obsen/ed by Bernoff and Conroy.®® 
Table 7.6. Bond length-bond strength relationships for Pbg g^WOg 
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Figure 7.5. Molar susceptibility versus temperature for Pbg 31WO3 
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CONCLUSIONS 
The synthesis of Pb^^W^Og at temperatures under 1000°C and in a reducing 
environment results in the formation of a tetragonal lead tungsten bronze, 
Pbg 31WO3, in which the tungsten is only slightly reduced. The structure type has 
been known for nearly 45 years, yet only two such structures have been studied 
by modern diffractometer methods.®® Pbg g^WOg fits the known structure type in 
which corner-sharing octahedra of oxygens, centered by tungsten, create a 
pentagonal channel in which the lead resides. However, the cation arrangement 
of two disordered sites may imply a complicated superstructure. Bond valence 
analyses confirm that the lead is divalent and that the tungsten is slightly reduced. 




EXAMINATION OF THE SUPERSTRUCTURE IN Fe^ ggMo^ ^iOy, Snq gMo^Og, 
InMo^Og, AND Mn^ gMOgO^^ BY ELECTRON MICROSCOPY 
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INTRODUCTION 
The structural determinations of F©! .89^041107, Sng glVlo^Og, InMo^Og, and 
Mn^ glVIOgO^ ^ by single crystal x-ray diffraction have been completed by previous 
co-workers.®'^  However, complex, unsolved superstructures were suspected 
for at least three of the four materials because their structural refinements 
indicated that some atoms had irregular thermal parameters, mixed metal 
occupation, and/or partial vacancies. The presence of superstructural ordering 
was examined on the Fe, Sn, and Mn single crystal members, however, the 
results were inconclusive or the intensity information was too weak. This problem 
provoked the structural investigation of these phases by transmission electron 
microscopy (TEM). The benefit of this technique is that the beam intensity is 
greater and large crystals are not necessary. These materials were primarily 
studied by selected area electron diffraction (SAD) and periodically complemented 
with convergent beam electron diffraction (CBED) and centered dark field. Since 
the subcell structures were known, most zone axes could be easily indexed from 
the derived single crystal d-spacings. All materials, except Inh/lo^Og, exhibited 
superstructure. From this information and previous characterization of these 
systems, models accounting for the superstructures are proposed. 
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EXPERIMENTAL 
Materials and Methods 
The synthesis of oxides containing molybdenum in relatively low oxidation 
states requires that the oxygen content be controlled stoichiometrically. 
Therefore, all reactions were carried out in evacuated (-2x10"® torr) molybdenum 
tubes or evacuated (-1x10*^ torr) fused silica ampoules. 
The starting reagents included FegOg, SnO, MoOg, and Mo. The synthesis, 
drying, and cleaning of these reagents has been discussed in Sections 2 and 4. 
Physical Measurements 
X-ray powder diffraction 
An Enraf Nonius Delft FR552 triple focusing Guinier x-ray powder diffraction 
camera was used with Cu Kœ, radiation (k=1.540562Â) generated from an AEG 
fine focus tube powered by a General Electric XRD-5 generator. National Bureau 
of Standards silicon powder was used as an external standard. 
Transmission electron microscopy 
A Philips CM30 transmission electron microscope was used to evaluate the 
superstructural ordering of the ternary reduced molybdenum oxides. An 
approximate one to one mixture of microcrystalline F©! .89^04^^07, Sng gMo^Og, 
or InMo^Og and G-1 Epoxy from Gatan was placed between lens paper, pressed 
between aluminum plates, and cured at 120°C for ten minutes. In the case of 
Mn^ gMogO^ ^, a combination of ground sample and long needles was used. A 
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three millimeter disk was punched out, thinned to ~20|xm by dimpling, put on a 
200 mesh copper grid for support, and subsequently ion milled until a hole was 
observed. The sample and supporting grid assembly were subsequently loaded 
into the TEM sample holder for investigation. 
Scanning electron microscopy 
A Cambridge S-200 scanning electron microscope was employed for 
qualitative elemental analysis using a Tracor Northern Micro Z-ll energy 
dispersive spectrometer (EDS) with a beryllium window. Crystals and/or 
microcrystalline powder were loaded onto a metal disk via Scotch double-stick 
tape and sputter-coated with gold to improve the conductance. 
Synthesis 
The Fsi ggMo^yi^Oy phase was prepared using the method described by 
Lii.^® FegOg, MoOg, and Mo were thoroughly mixed in the correct stoichiometric 
ratio, loaded in a Mo tube, and sealed under reduced pressure via electron beam 
welding. The Mo tube was loaded into a closed-end alumina tube, evacuated, 
and then left under a partial pressure of argon over the length of the reaction. 
The sample was fired at 1300°C for three days and cooled to 500°C at an 
average rate of 100°C/hour. The reaction was then furnace cooled. A Guinier 
powder diffractogram of the black, microcrystalline product matched the 
calculated powder pattern derived from the single crystal parameters. 
The SnQ gMo^Og was prepared based on the method described by 
Aufdembrink.® SnO, MoOg, and Mo were thoroughly mixed in the correct 
stoichiometric ratio, loaded into an open Mo tube, which was placed in a fused 
silica jacket, and sealed under reduced pressure. The sample was fired 12 hours 
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at 1100°C, 12 days at 1200°C, 12 hours at 1250°C, then cooled to 800°C at 
100°C/hour, and finally quenched to room temperature. A Guinier powder pattern 
of the product indicated the presence of the title phase and trace amounts of Mo 
metal. 
Mn^ gMOgO^^ was used from a reaction completed by Carlson.^® The 
InMo^Og phase was taken from a reaction fired by Lii.^® A Guinier powder 
pattern of these materials matched their title phases and SEM EDS indicated that 
In or Mn and Mo were present. 
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RESULTS AND DISCUSSION 
Diffraction information in electron microscopy is obtained by examining the 
diffraction patterns in a variety of directions. These specific directions are termed 
zone axes, and refer to the condition when Bragg's law is satisfied. For example, 
the [100] zone axis will have diffraction maxima for the hkl planes that are nearly 
parallel to the electron beam direction: {010}, {001}, and any of their vector sums. 
Intensity information for electron diffraction is not easily quantified, and can 
be significantly altered by a variety of conditions.®® Thus, the absence of 
superstructure reflections does not exclude the possibility that it exists. Factors 
which affect the diffraction intensity include: 1 ) crystal thickness, if the intensity of 
superlattice reflections is very weak they may be rediffracted and/or absorbed 
within the sample, 2) short range order, which results in diffuse or streaked 
intensity, and 3) extinction distance (the thickness of a sample at which a specific 
reflection's intensity will be reduced to zero) which becomes shorter for small unit 
cell volumes, large Bragg angles, large incidental beam wavelengths (low 
energy), and large structure factors. 
The SAD micrographs for the major zone axes were collected at a variety of 
exposure times (10-70 seconds); with very long exposure times (40-70 seconds) 
the incident beam was blocked to lower the background intensity. This 
methodology was utilized so that all vital diffraction information could be collected. 
In the following discussion, subscripted "sub" and "sup" will represent indices of 
the subcell and supercell, respectively, and unlabelled indices can be assumed to 
be related to the subcell. 
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Fei 89MO411O7 
The diffraction patterns for the [100], [010], [001], [110], [101], and [Oil] 
subcell zone axes were collected for Fei.89^°4.ll(^7- strong reflections 
could all be indexed based upon the d-spacings derived from the single crystal 
parameters. Any other reflections observed were presumed to be the result of 
superstructural ordering. The SAD's of the [100] and [110] zone axes, as shown 
in Figure 8.1, and simulated in Figure 8.2, can be fully indexed based on the 
known body-centered (h+k+l=2n) orthorhombic symmetry and show no 
superstructural information. The CBED and SAD of the [001 ] are shown in Figure 
8.3 and the SAD Is simulated in Figure 8.4 Between pairs of subcell reflections in 
the SAD, [i.e., (000) and (200)gy|g] a very weak pair of reflections is observed and 
corresponds to {2kO}g„p and {4kO}g^p. The strongest superlattice reflections 
appear in the region between (000) and (hkO)g^y, and can also be Indexed as 
{2k0}gyp and {4kO}g^p. This information can be interpreted as a tripling in the a 
direction, thus these supercell reflections deviate from the body-centering 
condition. Note the slight streaking in the superlattice reflections, this observation 
would imply that the ordering in the a direction is not completely well-behaved, 
i.e., it is short range. The CBED shown in Figure 8.3a emphasizes that the 
orthorhombic symmetry (2mm) of the [001] appears to be preserved. Close 
examination of the [101] zone axis, shown in Figure 8.5a (simulation Figure 8.6a), 
reveals that two maxima exist within the supercell streaking and can be indexed 
as {h2h}gyp and {h4h}g^^p. These supercell reflections indicate a tripling in the b 
axis, however, only with short range order. The same {h2h}g^p and {h4h}g^p can 
also be faintly observed between strong subcell reflections. The [Oil] zone axis 
displays a pair of superlattice reflections beside each subcell reflection, as 
exhibited in Figure 8.5b (simulation Figure 8.6b). These d-spacings correspond to 
the {1kl}gyp and {5kl}gyp and a tripling in the a direction; again significant 
streaking is visible. Figure 8.7 displays the SAD of the [010] zone axis. 
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Figure 8.1. a) Selected area diffraction pattern for the [100] and b) tlie [110] 
of Fe^ gglVIo^ All observed reflections, for both patterns, 
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Figure 8.2. a) Simulated SAD for the [100] and b) the [110] of 
Fei_89Mo4_ii07 
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Figure 8.3. a) Convergent beam electron diffraction pattern and b) selected area 
diffraction pattern for the [001] of Fe^ ggMo^ The CBED is 
rotated -45° from the SAD view shown. 
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Figure 8.4. Simulated SAD of the [001] for F8i.89^°4.11^7' intensities are 
not representative of the collected SAD, i.e., the (110) type 
reflections are much weaker than the superstructure. 
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Figure 8.6. a) Simulation of the SAD for the [101] and b) the [011] In 
Fe.j 09MO4 All reflection Intensities In b) are shown as 
equivalent and streaking In both have been omitted. 
Figure 8.7. a) SAD for the [010] and b) its simulation for .89^/104.1107 
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In broad perspective, the superlattice diffraction appears as a pair of reflections 
above and below every subcell reflection. Based upon the interplanar spacings, 
the supercell diffraction reflects a tripling in the a and c axes. All the observed 
reflections also conform to the body-centering condition (h+k+l=2n), although 
some reflections that fit this condition such as the (200)g^p are too weak to be 
observed. 
The SAD information reveals an ordered superstructure where all three 
lattice dimensions are tripled: a'~17.9Â, b'-17.3Â, and c'~51.1Â. The 
molybdenum-oxide framework may still be body-centered; however, the violations 
of this condition in the supercell may imply otherwise, or that the cations are not 
ordered in a body-centered arrangement. The streaking observed in the SAD 
was variable from crystal to crystal, therefore, this phase has various degrees of 
ordering. 
The Fe^ QgMo4 structure type has been described in Section 4 for 
Tig 3^ Fe^ gglVlo^Oy and an ORTEP drawing of the unit cell is shown in Figure 8.8. 
One underlying presumption in the model to be discussed is that the iron and 
molybdenum atoms which are mixed on the octahedral sites (M2) of the subcell, 
are the root of the superstructure that is observed. A tripling in the lattice 
parameters will generate six layers of octahedral sites, each layer must contain 
two molybdenum and sixteen iron (11% and 89%). For discussion purposes, a 
body-centered symmetry operation will be used, with the realization that this 
symmetry constraint is easily violated by interchanging a single Mo and Fe atom. 
The consequence would be an even larger supercell, although such a situation 
would be difficult to observe by TEM. Finally, Môssbauer experiments on 
Fei ggM04 Indlcated that for every Fe with a Mo neighbor (to be represented 
1 Fe/Mo) there are three irons with iron neighbors (3 Fe/Fe). Based on these 
conditions, representations of the supercell octahedral layers are shown in 
Figures 8.9-8.11. Layers 1 & 4, 2 & 5, and 3 & 6 are related to each other by the 
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Figure 8.8. The unit cell of Tig 31 Fe^ gglVlo^Oy is isostructural to Fe^ gglVIo^ 
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Figure 8.10. Two iayers of MOg indicating the Mo/Fe ordering in a superstructure 
of Fe^ ggMo^ ^^Oj. Open circles are oxygen atoms, solid circles are 
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Figure 8.11. Two layers of FeOg units in a superstructure of Fe^ gglVlo^j.|Oy. 
Open circles are oxygen atoms and cross-hatched circles are iron 
atoms. 
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body-centering operation. Note ttiat in all cases the 2mm symmetry is preserved. 
Layers 1 & 4 conform to the Mossbauer requirements with 4 Fe/Mo to 12 Fe/Fe. 
Layers 2 & 5 have 8 Fe/Mo to 6 Fe/Fe, these values are twice the ratio shown by 
Mossbauer, however, if layers 3 & 6 are all iron (0 Fe/Mo to 18 Fe/Fe), then 
layers 2, 3, 5, and 6 average to 1 Fe/Mo to 3 Fe/Fe. This superstructure results 
in the following formulation: (Fe24M0g)°Fe2yMo^ ggO^ gg, where t and o represent 
tetrahedral and octahedral ternary metal sites, respectively. Based on the 
multitude of crystals examined, Fei.89^°4.li^7 ®'^ her has an ordered 
superstructure as described above, or the SAD indicate streaking, implying that 
short range order exists. 
Sng 9MO4O6 
All samples prepared for TEM work, using Sng gMo^Og, contained crystals 
oriented in such a manner that the [010] and [100] could not be reached. The 
CBED and SAD of the [001] appear in Figures 8.12 and 8.13. No superlattice 
reflections are observed. The [001] CBED confirms the 4mm symmetry of the 
subcell. The SAD of the [101] and [110], shown in Figures 8.14 and 8.15, 
indicate a doubling along {111}sub planes. These quite intense and discrete 
superlattice reflections have been verified as real, and not due to double 
diffraction, based on centered dark field. (Double diffraction is the resultant of 
rescattering of a diffracted beam, thus giving rise to diffraction where structure 
factor considerations suggest that the beam intensity should be zero.) A second 
[101] zone axis, shown in Figure 8.16a, found on another crystal, indicated 
significant streaking, where Figure 8.14b showed discrete points. Therefore, the 
degree of ordering appears to vary from crystal to crystal within a given reaction 
product. As previously mentioned, the [100] and [010] zone axes have been 
difficult to reach. Close inspection of a [100] that could not be centered due to 
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Figure 8.15. a) Simulation of the [101] and b) the [110] in Sng glVlo^Og. 
Intensities of supercell reflections in b) are depicted as nearly 
equivalent to the subcell reflections. 
a) 
272 
Figure 8.16. a) SAD of another [110] and b) the [111] for SngglVlo^Og 
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limits on the tilting, indicated very faint reflections at half the distance to the 
{001}sub. implying a doubling in the c axis. All of the [111] zone axes that were 
found, after examining many crystals, had streaking at 1/4 and 3/4 of the distance 
to the {112}gy|j, as seen in Figures 8.16b and simulated in 8.17. This observation 
might imply a very complicated ordering, necessitating that every fourth {112} 
plane repeats itself, however, no definitive maxima are observed within the 
streaking. This streaking might imply that the arrangement of the tin atoms within 
the tunnels have a range of positional stability and thus only have short range 
order. 
Based upon the single crystal refinement, Sng gl^^o^Og is constructed of 
infinite chains of trans edge-shared Mo octahedra, which are interconnected 
through bridging oxygens. This framework results in the formation of tunnels 
suitable for the location of tin atoms, as shown in Figure 8.18. Within these 
tunnels, two partially occupied positions were located and refined in the subcell 
structure for the tin atoms. Structural questions remained, in particular, a 
potential doubling of the c axis, which did give a slightly improved single crystal 
refinement and was observed in oscillation photos.^ 
The model to be proposed, based on SAD of Sng glVlo^Og, is consistent with 
the results found by single crystal x-ray diffraction. The structure factor for 
{111}gy|^ contains information from all the atoms in the unit cell, although one 
might expect the largest component of the structure factor to be derived from the 
tin, based on the greater electron density and larger scattering factor. Therefore, 
the initial hypothesis will be that the tin population and/or ordering are the most 
likely reason for the observed superstructure, and that the molybdenum oxide 
framework is quite rigid. Furthermore, this model will assume that the tin is 
essentially located at the origin, i.e., in the major subcell position at 0,0,0.04. 
A supercell derived from selected area diffraction patterns is based on the 
three dimensional ordering of tin atoms. The new superstructural unit cell can be 
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Figure 8.17, SAD simulation of the [111] for SnggMo^Og, streaking depicted 
lines. 
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Figure 8.18. View paraiiel to the c axis of Sdq gMo^Og, indicating the tunnels in 
which the tin cations reside. 
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derived by assuming alternating {111} planes have different tin populations. One 
can visualize the V2 x V2 x 2 supercell within the subcells via Figures 8.19. Even 
though a'=b'~13.6Â, the cell is now orthorhombic due to the occupancy of the tin 
atoms on alternating subcell {111} planes, creating a situation where the ac plane 
is face centered but the be plane is not. If one considers only the tin atoms, the 
new unit cell is either body or face centered, however, the molybdenum 
octahedral chains eliminate these possibilities because all the centered 
orthorhombic space groups have imposed screw axes parallel to the a and/or b 
unit cell axes. Therefore, the supercell space group should be primitive 
orthorhombic. Note that this model accounts for the doubling in the c axis. 
The nature of the tin occupancies is still not known; there are eight possible 
cation positions in the supercell, if seven positions are filled then the composition 
would be SnQ gyglVlo^Og, very close to the single crystal refinement of 
^"o.88^°4^6- only seven cation positions are filled, this model might not be 
the ideal choice, since there still appears to be short range order that cannot be 
accounted, or the diffraction is very weak from the long range order. The single 
crystal refinement of Sng glVlo^Og included two partially occupied tin sites, with 
the major one accounting for -85% of the total tin content. Perhaps, the minor tin 
site might really correspond to a position where neighboring tin atoms are vacant, 
and thus the "minor" cation resides in a slightly different environment than the 
major tin atom. The metal-metal distance in grey tin is 2.81 Â and the repeat 
distance down the tunnel is 2.84Â in Sng glVlo^Og, therefore segments of metal-
metal bonded tin atoms in the tunnel are not unreasonable. The discrepancy in 
repeat distances might then be accommodated by cation vacancies. 
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a) 
Figure 8.19. a) Subcells, 2x2x2, of Srig gM04Og empiiasizing the alternating 
{111} planes, b) The new supercell of Sng glVlo^Og showing the 
orthorhombic symmetry of the tin atoms in the supercell. Only tin 
atoms are shown, shading implies different populations of tin. 
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Mn^ gMOgOn 
Only preliminary work on the Mn^ gMogO^^ system has been completed at 
this time. Because this phase is monoclinic, collecting all the unique zone axes 
with indices of zero or one Is difficult. The [100] and [110] zone axes indicate 
a doubling in the c axis, as shown in Figures 8.20 and 8.21. The superlattice 
reflections necessitating this result are very sharp and intense. The implication is 
that a single crystal x-ray refinement should have been able to observe such 
reflections. However, this phase grows as very fine needles that tend to fray at 
the ends, therefore, the selection of a suitable crystal for x-ray work becomes 
difficult. The TEM allows a small spot size to be utilized, and thus, crystal 
selection becomes less crucial. The [100] contains more information, at four 
times the subcell c direction a weak streak is observed. The [101] and [010], 
shown in Figures 8.22 and 8.23, have streaking at 1/4 and 3/4 of the distance to 
the {101} planes. The [010] also shows a doubling of the c axis. Streaking at 
1/4, 1/2, and 3/4 is also observed in the SAD of the [011] and [111], as shown in 
Figure 8.24 and Figure 8.25. 
No model has been proposed, however some results appear likely. First, the 
doubling in the c axis is probably the result of apical molybdenum atoms pairing 
in the infinite trans edge-shared Mo chains. The streaking which might be 
interpreted as quadrupling in the c direction is weak. Thus, it is the result of short 
range order; most likely due to the manganese cations. The manganese In the 
subcell was refined as two partially occupied positions, and it does not appear to 
be well behaved. The ordering (streaking) along {101} and {011} planes are also 
likely to be related to the cation order/disorder. The monoclinic subcell and 
ordering along a variety of planes appears to imply a very complicated three 
dimensional ordering of manganese, or perhaps a random distribution of 




Figure 8.20. a) SAD of the [100] and b) [110] for Mn^ gMogO^., 
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a) 
(001)  (021:  
(020)  
b) 
Figure 8.21. a) Simulation of ttie [100] and b) the (110] for Mn.| gMogO^.,. The 
streal<ing in the [100] is represented by lines. All the 
superstructure in the [110] is depicted as discrete points. 
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a) 
Figure 8.22. a) SAD of the [101] and b) [010] for Mn., gMOgO^^ 
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Figure 8.23. a) Simulation of the [101] and b) the [010] for Mn^ gMOgO^j. The 
streaking in the [101] is depicted with lines. The subcell reflections 
of the [010] are shown with a constant, stronger Intensity than the 
supercell reflections. 
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a) 
b) 
Figure 8.24. a) SAD of the [011] and b) the [111] of Mn^ glVIOgO^^. The outer 
edges of both photos contain first order Laue zone information. 
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Figure 8.25. SAD simulation of a) tlie [011] and b) the [111] in Mn.| gMOgO.,^ 
The streaking in both zone axes depicted as lines. The weak 
supercell reflections in the [111] shown as points are maxima 
within streaking. 
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crystals can be found, however, the manganese coordination environment may be 
such that short range order predominates. 
InlVlo^Og 
Inh/lo^Og does not exhibit any well-defined superstructure. At half the 
distance to the {001} in the [100] zone axis there is a faint streak. This streak is 
only observed at very long exposure times. Short range order, in which indium 
atoms have a small range of positional stability within the tunnel, might be a valid 
Interpretation. This positional range of the indium cations might be small enough 
that the indium thermal parameters of the single crystal refinement mask the 
various real positions. 
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CONCLUSIONS 
The F8i.89^°4.ii^7 superstructure can be modelled with a body-centered 
orthorhombic cell by the appropriate positioning of Mo atoms within the layers 
having MOg coordination. The variable streaking and reflections that violate the 
body-centering symmetry operation imply that the ordering of ternary metals 
within the octahedral layers might not be well-behaved from crystal to crystal. 
The collection of data by single crystal x-ray diffraction has not been attempted 
on this proposed supercell. The extremely large c axis lattice parameter would 
necessitate the use of Cu radiation, however, such a phase containing a 
significant quantity of heavy metals might result in large absorption corrections 
which would hinder the search for, or interpretation of, weak superlattice 
reflections. 
The superstructural ordering observed in Sng glVlo^Og is based on the 
alternate {111} planes that differ in tin population. The consequence of this 
ordering is a supercell, V2a x V2b x 2c. This supercell has primitive orthorhombic 
symmetry, based on tin occupation and the molybdenum oxide framework. A 
simple explanation of the tin population is not evident from the TEM data 
collected. 
The Mn^ gMOgO^ ^ phase appears to have a very complicated superstructural 
ordering. However, the material does have a doubled c lattice parameter, most 
likely the result of apical molybdenum atom pairing. Further TEM investigation 
might provide more insight into the ordering behavior of this material. 
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GENERAL SUMMARY 
The synthesis of ten members in the series, Mj,.xM04n^2^6n44' been 
achieved. These oligomers consist of trans edge-shared moiybdenum octahedra 
of varying iength, ranging from two to five octahedra. The variation of the 
electron count available for metal-metal bonding in these materials dictates the 
arrangement of the apical-apical interactions and/or the degree of intercluster 
metal-metal bonding. All but one member (Ba4 2M022O34) are interconnected to 
neighboring clusters in a stair-step fashion. The cations reside in pockets created 
by the interconnection of the clusters. These cation pockets have occupancies 
that range from 75% to 100% of capacity. 
The materials containing bioctahedral Mo^q units have exceptionally strong 
apical-apical bonding (-2.61 A), regardless of the electron count. Intercluster bond 
distances, however, become shorter (~2.78-2.68À) as the total number of 
electrons available for metal-metal bonding increases from 32 to 34e". The cation 
sites for all the known n=2 members are fully occupied. The first member 
prepared with an intermediate electron count, 33.3e', was Kg ggGd^ .67^°10^16-
It was found to have an appropriately short intercluster bond distance of -2.71 Â. 
The trimeric oligomers, IVIo^^, exhibit a more complex relationship between 
metal-metal bonding and electron counts. At 43e', the clusters have a short-long 
arrangement of apical-apical bond distances (-2.64, 3.06Â) and no intercluster 
metal-metal bonding (-3.2Â). From 43 to -44e", as seen in Kg ygPb^ 4(^22 
and Kg gSrg 4^/10^4022, the apical interactions remain nearly constant as 
compared to the 43e" KgMo^4022 member, however, the intercluster molybdenum 
interactions become significantly stronger (-2.84Â). Above ~44e", the intercluster 
metal-metal bond distances increase to about 3Â and the apical-apical 
molybdenum bond distances become nearly equivalent (-2.83À). Thus, in the 
288 
Kl ggSrii 71M014O22 (44.7e") and Tl^ gSn^ g^^i4(^22 (45.6e') members, the 
electrons appear to be entering antlbonding orbitals. The cations sites for all the 
n=3 members reported here are fully occupied, unlike Simon's Tl-Sn compound. 
The K-Sn member has all its cation sites occupied. However, four unique 
partially occupied sites are defined, as opposed to the normal two, 
crystallographlcally occupied sites. 
The first tetrameric oligomer, BagMo^g02g, was reported here. Its short-
long-short arrangement of apical-apical interactions (-2.60, 3.11, 2.59Â) is similar 
to the n=4 cluster found in In^^lVlo^gOgg^^, and consistent with the calculations 
performed by Hoffmann and Wheeler.^^ The shortest intercluster metal-metal 
distance is quite long, at -3.18Â. Three of the four possible cation sites are 
occupied by barium, however, the central cation position is disordered about the 
origin with two sites 50% occupied. Arndt Simon has graciously communicated 
that InglVlo^gOgg has been structured; however, it has the orthorhombic symmetry 
seen in oligomers which have the clusters Interconnected in a zig-zag fashion. 
The KgigBag g^Mo22034 member contains five trans edge-fused 
molybdenum octahedra. This phase has four short and four long apical-apical 
molybdenum Interactions (-2.61, 2.67, 2.94, and 3.02Â), while the shortest 
intercluster Mo-Mo bond distance is ~3.00Â. The central cation position, located 
at the origin, is vacant and the two other unique positions are fully occupied. 
Further efforts are needed to synthesize more new tetrameric and 
pentameric oligomers, and thus establish relationships between the electron count 
and metal-metal bonding in these relatively large cluster units. 
Ki 2gSn^ 71^0^4022 appears to be a paramagnetic material; however, the 
apparent moment does not correspond to the number of available unpaired 
electrons. The composition of this K-Sn member is variable based upon 
microprobe analysis, therefore, the formula derived for the single crystal structure 
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may not be valid for the bulk crystals used in the measurement of magnetic 
susceptibility. Diamagnetic behavior is observed for Kg ygPb^ .53^°14^22' 
this result does not fit the electron count derived from the single crystal 
refinement. Ba^lVlo^gOgg was determined to be diamagnetic and semiconducting. 
These properties do agree with the even electron count and the relatively isolated 
nature of the cluster units in the tetrameric oligomer. The diamagnetic behavior 
determined for Kq -jgBag 81M022O34 also does not correlate to the electron count 
based on the formula. 
The general problem of correlating the observed magnetic behavior with the 
calculated number of unpaired electrons is symptomatic of the present lack of 
understanding in such complicated systems. The preparation of bulk, single 
phase, oligomeric materials is hampered, in part, by the very structural nature of 
these compounds. Essentially the only differences between the various oligomers 
are the chain axis length and the mode of interconnection (stair-step or zig-zag). 
Thus, the already line-rich x-ray powder diffraction patterns are virtually identical. 
Although the structures are basically sound, their overall evaluation is hindered by 
two interpenetrating factors: 1) the real composition might vary from crystal to 
crystal and 2) the systems can easily accommodate intergrowth of members with 
varying chain length and modes of interconnection within a given crystal. A very 
precise and dedicated effort will be needed to untangle the many factors 
controlling the various degrees of freedom in the Mn.^Mo4p^206n+4 system. 
Transmission electron microscopy was used to gain further insight into the 
superstructural ordering of Sng glVlo^Og, InMo^Og, and 
Mn^ gMOgO^ ^. Based upon the electron diffraction observed, models that also fit 
the known structural and physical properties were proposed. In all cases, these 
models extend the quantity of information available on these phases, however, 
they do not result in one definitive superstructural arrangement. 
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The members of the series, RE^Mo^O^ ^, (RE=rare earth elements) were 
synthesized as single phase materials. The lattice parameters of the Sm to Tm 
members decrease linearly with lanthanide contraction. The Nd, Yb, and Lu 
members deviate from this relationship and the latter two appear to possess 
lower symmetry than orthorhombic. Their magnetic properties indicate simple 
RE(III) cations with Curie-Weiss behavior and their electrical resistivity properties 
show that they are small band gap semiconductors. This work was completed in 
conjunction with Dr. Patrick Gougeon. 
A new member in the series ^IVI^^Mg.ylVlo^Oy has been prepared. It consists 
of closest packed [l\1o^Oy]^ units with cations in tetrahedral (t) and octahedral (o) 
coordination sites. TIq 3^ Fe^ gglVlo^Oy contains iron in the tetrahedral site and 
31% Ti and 69% Fe in the octahedral site. Iron and titanium can be found in the 
+2/4-3 and +3/+4 oxidation states, respectively. Tig 3^ Fe^ gglVlo^Oy is a 
ferrimagnetic material with a Tg-110 K and an effective moment of 6.53 ixg. 
However, based upon the calculated effective magnetic moment, this phase 
contains no more than four mole percent Fe(lll), which can be varied to satisfy 
the full range of Ti(lll) to Ti(IV). 
The synthesis of ternary reduced tungsten oxides, containing significant 
metal-metal bonding, similar to the materials known for molybdenum, has not 
been successful. Instead, the formation of a tetragonal lead tungsten bronze, 
Pbo 31WO3, was observed. It is a Pauli paramagnetic conductor. The tungsten-
oxide framework is analogous to the known tetragonal tungsten bronzes.®'^ '®® In 
Pbg 31WO3, two lead sites were refined. The potential superstructure was not 
examined, although TEM might provide valuable insight into this situation. 
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APPENDIX A 
MEASURED AND CALCULATED D-SPACINGS FOR THE SERIES: 
RE = Y, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, & Lu 
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The lattice parameters calculated and reported in Section 6 on the RE^Mo^O^ ^ 
series were determined by using a least squares fit of the d-spacings to their 
respective hkl indices. Table A.1 contains the obsen/ed and calculated d-spacings, 
in Angstroms, determined for the early RE^IVIo^O^ ^ members, where RE = Y, Nd, 
Sm, Eu, Gd, and Tb. Table A.2 contains the observed and calculated d-spacings, 
also in Angstroms, determined for the late RE^Mo^O^ ^ members, where RE = Dy, 
Ho, Er, Tm, Yb, and Lu. 
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Table A.I. X-ray powder diffraction data for tlie early RE^Mo^O^^^ 
hkl Y Nd Sm Eu Gd Tb 
TTo 8.794 8.836 9.084 9.098 9.083 9.020 8.924 8.984 8.998 8.950 8.972 8.902 
020 7.859 7.907 8.129 8.123 8.104 8.057 8.001 8.023 8.035 7.996 8.009 7.959 
Ï20 6.298 6.349 no no 6.520 6.449 6.461 6.426 no 
00Î 5.640 5.650 no no no no no 
200 5.304 5.327 no 5.445 5.443 5.401 5.422 5.405 5.400 5.394 5.369 
Ï30 4.704 4.760 4.858 4.857 4.820 4.817 4.788 4.797 4.792 4.780 4.768 4.757 
oiT 4.583 4.597 no no 4.685 4.650 no no 
220 4.403 4.418 4.539 4.549 4.512 4.510 4.481 4.492 4.481 4.475 4.461 4.451 
Ï2Î 4.217 4.221 4.315 4.313 4.294 4.288 4.264 4.274 4.268 4.263 4.256 4.246 
040 3.948 3.954 no no no 4.002 3.998 no 
2OT 3.872 3.876 no no 3.923 3.930 3.910 3.919 3.911 3.902 
2ÎT 3.759 3.764 3.852 3.856 3.829 3.830 3.811 3.818 3.806 3.806 no 
230 no no no no 3.793 3.795 3.775 
131" no no no no 3.672 3.662 no 
221* no 3.567 3.566 3.542 3.542 3.526 3.530 3.521 3.519 3.508 3.503 
3Î0 3.464 3.465 no 3.540 no no no 
047 3.235 3.239 no no 3.280 3.282 3.276 3.273 no 
240 3.167 3.175 no no 3.226 3.225 3.214 3.213 3.202 3.197 
23? 3.119 3.123 3.201 3.201 3.180 3.179 3.169 3.167 3.158 3.157 3.145 3.143 
14? 3.103 3.099 3.171 3.175 3.153 3.153 no 3.134 3.132 3.120 3.119 
Ï50 3.025 3.032 no no 3.101 3.078 3.069 3.067 3.055 3.052 
3ÏT 2.947 2.954 no no 2.996 3.000 2.987 2.989 no 
330 no no no 2.965 2.993 no no 
sF 2.810 2.812 2.881 2.886 2.861 2.864 2.853 2.853 2.847 2.844 2.832 2.830 
002 2.820 2.825 2.871 2.872 2.861 2.848 2.842 2.840 
241" 2.765 2.768 2.837 2.839 2.818 2.818 2.809 2.807 2.798 2.799 2.789 2.786 
ÏÏ2 2.684 2.691 no no 2.718 2.719 2.717 2.714 2.706 2.705 
400 2.661 2.664 2.746 2.746 2.720 2.721 2.710 2.711 2.702 2.700 2.685 2.685 
060 2.631 2.636 2.707 2.708 2.685 2.686 2.675 2.674 2.665 2.665 2.656 2.653 
340 no no no 2.682 2.685 no no 
337 no 2.681 2.682 no 2.653 2.652 2.642 2.643 no 
^0 no no no no no 2.656 2.647 
Ï22 2.579 2.581 2.629 2.629 2.618 2.617 2.610 2.609 2.603 2.604 2.595 2.595 
Ï60 2.555 2.524 no no 2.598 2.597 2.588 2.588 2.576 2.576 
^0 2.520 2.524 no no 2.566 2.568 2.558 2.558 2.546 2.544 
202 2.493 2.496 no no 2.523 2.525 2.518 2.519 2.509 2.510 
2Ï2 2.463 2.465 2.514 2.514 2.503 2.507 2.494 2.494 2.491 2.489 2.482 2.480 
®no-not observed; observed and calculated values are in the 1®* & 2""^ columns under each element, respectively 
300 
Table A.1. (continued) 
hkl Y Nd Sm Eu Gd Tb 
25T no no no no 2.478 2.478 2.469 2.467 
4OT no no no 2.452 2.449 2.444 2.440 no 
Ï32 2.421 2.425 no no no " 2.447 no 
34? no 2.456 2.458 2.438 2.439 2.431 2.430 2.424 2.421 2.410 2.410 
222 no no no no 2.406 2.403 no 
^0 no no no 2.419 2.418 2.408 no 
260 no no 2.409 2.410 2.401 2.398 2.392 2.390 2.380 2.378 
350 2.360 2.362 no 2.408 no 2.391 " " 
oiT 2.390 2.389 no no no no no 
4ÏT 2.381 2.382 no no no no 2.396 2.399 
16? 2.327 2.331 no 2.372 2.373 no 2.356 2.356 2.345 2.346 
42? no no no 2.365 2.364 2.333 2.333 no 
042 2.296 2.298 2.343 2.345 2.333 2.333 2.326 2.325 2.320 2.320 2.311 2.312 
232 2.255 2.256 2.303 2.303 2.292 2.291 2.284 2.283 2.278 2.278 2.270 2.269 
?42 2.468 2.247 2.293 2.293 2.279 2.281 2.274 2.273 2.269 2.268 2.259 2.260 
43? no no no 2.220 2.225 no no 
440 2.207 2.209 no no 2.246 2.246 no 2.225 2.225 
3Ï2 2.187 2.189 2.239 2.238 2.223 2.225 2.218 2.218 2.213 2.212 2.203 2.203 
35? no no no no no no 
26? no no no 2.202 2.211 2.204 2.204 no 
25? no no no no 2.205 2.194 2.194 
322 2.128 2.129 no no no 2.150 2.151 no 
360 no 2.176 2.177 2.161 2.159 2.158 2.157 2.142 2.142 no 
5?0 no no no 2.150 2.149 no no 
2^ 2.109 2.110 2.152 2.156 2.145 2.144 2.138 2.137 2.131 2.131 2.123 2.123 
?52 2.065 2.067 2.113 2.112 2.099 2.099 2.092 2.092 2.087 2.087 no 
44? no no no no no no 
Ï7? no no no no no no 
^0 2.036 2.037 2.097 2.097 2.079 2.079 2.072 2.071 2.063 2.063 2.052 2.053 
5Ï? no no no no no no 
332 no no no 2.053 2.066 no no 
530 no no no 2.007 2.010 no no 
080 1.975 1.977 no no no 2.000 1.999 no 
252 1.957 1.959 2.004 2.003 1.991 1.991 1.986 1.984 1.979 1.979 1.972 1.971 
Ï80 no no no no no no 
ÂQ2 no no no 1.966 1.965 1.960 1.960 no 
342 1.928 1.930 1.972 1.975 no 1.955 1.955 1.951 1.950 1.937 1.942 
4Ï2 no no no no 1.945 1.945 " 1.936 
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Table A.1. (continued) 
hkl Y Nd Sm Eu Gd Tb 
370 no no no 1.941 1.936 1.930 1.929 no 
062 1.926 1.927 no 1.959 1.958 1.953 1.951 no no 
Ï62 1.896 1.896 no no 1.931 1.921 1.916 1.915 no 
540 no no no no no no 
460 1.872 1.873 1.928 1.928 1.911 1.912 1.904 1.904 1.897 1.897 1.886 1.887 
280 no no no no no no 
08Î" no no no no no no 
ÏÏ3 no no no 1.865 1.861 1.858 1.858 no 
023 no no no no no no 
262 no no no no 1.831 1.831 no 
2Î3 no no no no no no 
352 1.811 1.812 no no 1.836 1.837 no no 
46T no no no 1.808 1.806 no no 
600 1.776 1.776 no no no no no 
no no no no no no 
eTo no no no 1.799 1.794 no no 
Ï72 no no no 1.763 1.763 1.759 1.758 no 
442 1.740 1.740 no no no no no 
620 no no no no no no 
Ï90 1.732 1.734 no no no 1.754 1.753 no 
380 1.728 1.727 no no 1.753 1.754 1.747 1.748 no 
470 1,725 1.723 no no no no no 
6OT no no no no 1.719 1.716 no 
5Ï2 no no no no 1.712 1.711 no 
362 1.691 1.694 no no no no no 
0^ no no no 1.718 1.719 no no 
630 1.682 1.683 1.734 1.734 no 1.712 1.712 1,705 1.705 no 
233 no 1.715 1.715 1.707 1.757 1.702 1.702 1.698 1.698 1.691 1.692 
2^ no no no 1.697 1.698 1.693 1.692 no 
Ï43 no no no 1.695 1.697 no no 
560 no no no 1.687 1.684 no no 
ET no 1.705 1.706 no no 1.677 1.678 no 
3Ï3 no no no no 1.671 1.670 no 
38? no no no no 1.671 no 
1.653 1.653 1.694 1.694 no 1.676 1.676 no 
no " " no no 1.666 1.668 no 
290 1.668 1.669 no no no no no 
522 1,663 1,663 no no no no no 
323 no no no 1.648 1.647 1.644 1.644 no 
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Table A.1. (continued) 
hkl Y Nd Sm Eu Gd Tb 
532 no no no no no no 
631" no no no no 1.634 1.634 no 
243 no no no no no no 
082 1.620 1.620 no no no no no 
333 no no no no no no 
Ï82 no no no no 1.619 1.618 no 
29T 1.600 1.600 no 1.630 1.630 1.624 1.624 1.610 1.611 
56? no no no no 1.612 1.610 no 
^0 1.586 1.587 no no 1.613 1.612 1.606 1.607 no 
no no no no no no 
3^ 1.580 1.580 1.616 1.619 no 1.603 1.602 1.597 1.597 no 
ÏTÔO no no no no no no 
64? 1.557 1.557 1.603 1.602 1.589 1.589 1.583 1.583 1.577 1.577 no 
650 no no no no no no 
^3 no no no 1.557 1.557 1.552 1.553 no 
063 no no no no no no 
^13 no no no no no no 
282 no no no no no no 
570 1.550 1.550 no no no no no 
343 no no no no no no 
OÏÔT 1.522 1.523 no no 1.544 1.545 1.539 1.540 no 
Tfo no no no no no no 
602 1.503 1.503 no no 1.526 1.527 1.522 1.522 no 
5^ 1.495 1.495 no 1.523 1.525 no 1.513 1.513 no 
Ï63 1.519 1.517 no no 1.530 1.535 no no 
2ÏÔ0 1.517 1.516 no no no no no 
65? no no no 1.519 1.518 no no 
1101 no no no no no no 
552 1.499 1.498 no no no no no 
6Ï2 1.496 1.497 1.537 1.537 no no no no 
720 1.495 no no no no no 
263 no no no 1.488 1.491 no no 
660 no no no no no no 
Ï92 1.477 1.477 no no 1.498 1.498 1.492 1.493 no 
622 1.475 1.477 no no no no no 
472 no no no no no no 
2101 no no no no 1.481 1.481 no 
71? 1.463 1.463 no no no no no 
72? no no no 1.469 1.469 no no 
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Table A.1. (continued) 
hkl Y Nd Sm Eu Gd 
632 no no no 1.468 no no 
3ÎÔ0 1.445 1.444 no no no 1.460 1.462 no 
292 1.437 1.437 no no 1.458 1.457 1.451 1.452 no 
^0 no no no no no no 
642 no no no 1.434 1.427 no no 
eei" no no no no 1.444 1.443 no 
73? no no no no 1.434 1.434 no 
4^ 1.420 1.420 no no no no no 
ïïTo no no no no no no 
004 1.412 1.412 1.436 1.436 1.430 1.431 1.427 1.427 1.424 1.424 no 
670 no no no no no no 
0102 no no no 1.389 1.387 1.395 1.395 no 
523 no no no no no no 
1102 1.370 1.368 no no no 1.384 no 
204 1.366 1.365 no no no no no 
2111 no no no no 1.363 1.363 no 
800 no no no no 1.350 1.350 no 
7ÂÂ no no no no no no 
750 no no no no no no 
Ï34 no no no no no no 
7Ï2 no no no no no no 
7^ no no no no no no 
no no no no no no 
75? no no no no 1.350 1.350 no 
3ÏTo 1.333 1.333 no no no no no 
82? no no no 1.300 1.301 1.331 1.331 no 
543 1.329 1.329 no no no no no 
mo no no no no no no 
820 no no no no no no 
4101 no no no no no no 
680 1.322 1.321 no no no no no 
0Ï20 1.318 1.318 no no 1.326 1.327 no no 
3111 no no no no 1.312 1.312 no 
662 1.307 1.306 no no no 1.322 1.321 no 
80? no no no no no no 
582 1.290 1.289 no no 1.309 1.309 no no 
830 no no no no no no 
3102 1.287 1.286 no no no 1.301 1.301 no 
6?3 no no no 1.305 1.306 no no 
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Table A.I. (continued) 
hkl Y Nd Sm Eu Gd Tb 
623 no no no no 1.289 1.289 no 
0Ï2Î" no no no no no no 
no no no no 1.284 1.285 no 
ïTïi no no no no no no 
770 no no no no 1.278 1.279 no 
iaT no no no 1.280 1.280 1.275 1.276 no 
6M 1.256 1.255 no no no 1.269 1.269 no 
no no no 1.318 1.319 no no 
Ï54 no no no 1.293 1.294 no no 
7^ 1.270 1.269 no no 1.289 1.289 no no 
no no no 1.265 1.265 1.262 1.262 no 
^4 no no no no 1.260 1.260 no 
MT 1.260 1.259 no no no no no 
4Ï4 no no no no 1.256 1.256 no 
690 1.249 1.249 no no no no no 
2112 1.246 1.246 no no no no no 
064 " 1.245 no no 1.259 1.259 1.256 1.256 no 
264 no no no 1.226 1.226 no no 
1.233 1.234 no no no no no 
6« 1.229 1.228 no no no no no 
802 1.205 1.205 no no no no no 
Ï64 no no no no no no 
no no no no no no 
4ÏÔ2 no no no no no no 
354 no no no no no no 
1103 1.203 1.203 no no no no no 
78? no no no 1.199 1.199 no no 
790 no no no 1.169 1.169 no no 
84? no no no no no no 
8Ï2 no no no no no no 
653 no no no no no no 
iTo no no no no no no 
8^ no no no no no no 
920 no no no no no no 
1122 no no no no no no 
5Ï4 no no no no no no 
454 no no no no no no 
4121 no no no no no no 
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Table A.2. X-ray powder diffraction data for the late RE^Mo^O^^^ 
hkl Dy Ho Er Tm Yb Lu 
TTo 8.906 8.872 8.862 8.845 8.794 8.814 8.873 8.792 8.896 8.786 8.805 8.770 
020 7.976 7.934 7.933 7.908 7.863 7.884 7.926 7.867 7.894 7.842 7.868 7.826 
Ï20 no 6.362 6.353 6.324 6.332 no no no 
00Î no 5.639 5.657 5.623 5.643 no no 5.615 5.606 
200 5.351 5.350 5.338 5.335 5.304 5.315 5.318 5.301 5.296 5.303 5.286 5.294 
Ï30 4.748 4.742 4.732 4.726 4.707 4.712 4.713 4.701 4.693 4.689 4.686 4.680 
02? no no 4.589 4.589 no no no 
220 4.441 4.436 4.421 4.423 4.401 4.407 4.407 4.396 4.390 4.393 4.368 4.385 
12? 4.240 4.236 4.227 4.225 4.210 4.213 4.217 4.205 4.202 4.196 4.190 4.186 
040 no 3.957 3.954 3.938 3.942 3.945 3.934 3.929 3.921 3.922 3.913 
20? 3.896 3.891 3.880 3.881 3.889 3.869 3.866 3.862 3.856 3.857 3.848 3.849 
21? 3.780 3.779 3.770 3.769 3.755 3.758 3.758 3.750 3.745 3.746 3.732 3.738 
230 no 3.749 3.750 3.734 3.737 3.733 3.728 no no 
Ï3? no no 3.615 3.617 no 3.601 3.601 3.595 3.593 
22? no 3.486 3.484 3.473 3.473 3.473 3.466 3.461 3.461 3.447 3.454 
3?0 no 3.467 3.470 3.453 3.457 3.454 3.448 3.440 3.449 no 
04? 3.251 3.250 3.241 3.241 3.231 3.232 3.230 3.225 3.221 3.216 3.212 3.209 
240 3.190 3.187 3.177 3.177 no 3.164 3.159 no no 
23? 3.135 3.134 3.123 3.126 3.118 3.116 3.107 3.109 3.098 3.104 no 
TTT 3.112 3.110 3.101 3.101 3.091 3.092 3.088 3.086 3.079 3.078 3.071 3.071 
?50 3.041 3.043 3.033 3.033 3.022 3.023 3.022 3.017 3.010 3.008 3.001 3.002 
3?r no 2.955 2.958 2.948 2.948 2.943 2.941 2.933 2.940 2.927 2.934 
330 2.962 2.957 no 2.935 2.938 no no no 
32? 2.822 2.821 2.813 2.814 2.804 2.805 2.799 2.798 2,785 2.796 no 
002 2.837 2.834 2.829 2.829 2.823 2.822 2.819 2.818 2.813 2.810 2.807 2.803 
24? 2.779 2.778 2.769 2.770 2.761 2.761 2.757 2.755 2.741 2.750 no 
??2 2.699 2.700 2.694 2.694 2.685 2.687 2.685 2.683 2.678 2.677 2.673 2.670 
400 2.677 2.675 2.667 2.668 2.658 2.658 2.650 2.651 2.643 2.652 2.634 2.647 
060 2.645 2.645 2.637 2.636 2.629 2.628 2.623 2.622 2.618 2.614 2.610 2.609 
340 no no no no no no 
33? no 2.614 2.615 2.605 2.606 no 2.604 2.597 no 
4?0 no 2.628 2.630 2.619 2.621 no no no 
Ï22 2.590 2.590 2.584 2.584 2.578 2.577 2.575 2.573 2.567 2.567 2.562 2.560 
Ï60 2.569 2.567 2.559 2.559 2.551 2.551 2.548 2.546 2.539 2.538 2.531 2.533 
420 2.534 2.535 2.527 2.528 2.518 2.518 no no 2.504 2.507 
202 2.504 2.505 2.498 2.499 2.493 2.492 no 2.462 2.483 2.475 2.477 
2Ï2 2.475 2.474 2.468 2.468 2.462 2.462 2.457 2.457 2.452 2.453 2.446 2.447 
®n0"n0t observed: observed and calculated values are in the 1 & 2"'' columns under each element, respectively 
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Table A.2. (continued) 
hkl Dy Ho Er Tm Yb Lu 
isT 2.460 2.459 2.450 2.452 2.444 2.444 2.441 2.439 no 2.420 2.429 
4oT no 2.412 2.413 no 2.400 2.398 2.393 2.398 2.384 2.394 
ï32 2.433 2.433 2.427 2.427 2.422 2.421 2.418 2.417 2.412 2.411 2.404 2.405 
34? 2.404 2.402 2.395 2.395 2.388 2.388 no no no 
222 2.389 2.388 no no 2.370 2.372 no no 
«0 no no no no no no 
260 no no no no no no 
350 2.371 2.371 2.363 2.364 2.356 2.356 2.350 2.350 no 2.329 2.340 
osT no no no 2.370 2.378 2.364 2.370 2.361 2.366 
41? no 2.383 2.385 2.376 2.377 no no no 
16? 2.338 2.339 2.331 2.331 2.325 2.325 2.320 2.320 2.313 2.313 2.305 2.308 
4^ no no no no no no 
042 2.307 2.306 2.301 2.300 2.296 2.294 2.293 2.291 2.286 2.284 2.280 2.279 
232 2.264 2.264 2.258 2.258 2.252 2.252 2.249 2.248 2.244 2.243 no 
?42 2.255 2.224 2.245 2.249 2.243 2.243 2.241 2.239 2.234 2.233 2.229 2.228 
4^ no no 2.204 2.186 no no no 
440 no 2.211 2.211 2.224 2.204 no no no 
3ï2 2.199 2.198 2.192 2.192 2.186 2.186 2.182 2.182 2.175 2.179 2.171 2.174 
35? 2.188 2.187 2.181 2.181 2.174 2.174 2.169 2.169 2.157 2.165 no 
26? no no no no no no 
25? no no no no no no 
322 no 2.132 2.132 2.149 2.126 no no 2.108 2.113 
360 no no no no no no 
5?0 no 2.118 2.115 no no no no 
2« no 2.112 2.112 2.108 2.106 2.103 2.103 2.094 2.098 2.088 2.093 
ï52 2.075 2.074 2.069 2.068 2.064 2.063 2.059 2.059 2.054 2.053 2.050 2.04s 
4^ 2.065 2.065 2.059 2.060 2.052 2.053 2.048 2.048 no no 
ï7? no no no no no 
^0 2.046 2.045 2.039 2.039 2.033 2.032 2.026 2.027 2.029 2.025 no 
5?? no no 1.972 1.974 no no no 
332 no no no no no 2.023 2.023 
530 no no no no no no 
080 no 1.977 1.977 no 1.965 1.967 1.962 1.960 1.957 1.957 
252 1.966 1.966 1.961 1.961 1.956 1.955 1.950 1.952 1.944 1.945 1.940 1.943 
ï80 no 1.940 1.944 no no 1.925 1.928 no 
402 no no 1.936 1.935 no no no 
3# no 1.931 1.932 1.927 1.926 no no no 
4ï2 no 1.925 1.926 no no no no 
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Table A.2. (continued) 
hkl Dy Ho Er Tm Yb Lu 
370 no no no no no no 
062 no no no no no 1.906 1.910 
Ï62 1.903 1.903 1.898 1.898 1.893 1.892 1.889 1.889 1.883 1.884 1.879 1.879 
540 no no no no 1.866 1.866 no 
^0 1.881 1.881 1.875 1.876 1.869 1.869 1.862 1.864 no 1.861 1.858 
280 no 1.853 1.854 no no no no 
osT no no no no no 1.847 1.847 
ÏÏ3 no 1.844 1.844 no no no no 
023 no 1.833 1.834 no no no no 
2^ no 1.814 1.814 1.809 1.809 1.805 1.805 1.797 1.800 1.793 1.796 
2Ï3 no no 1.762 1.762 no no no 
352 1.818 1.819 no no no no no 
no 1.778 1.780 no no no no 
600 1.784 1.783 no 1.773 1.772 1.767 1.767 no 1.766 1.765 
5^ no no no no 1.772 1.771 no 
iTo no no no no no 1.757 1.754 
172 no 1.742 1.742 1.737 1.737 1.734 1.734 1.731 1.729 no 
442 1.746 1.745 no no no no no 
620 1.740 1.740 1.734 1.735 no no no no 
Ï90 no no 1.730 1.729 1.725 1.725 1.720 1.720 1.715 1.716 
380 no 1.728 1.728 1.720 1.723 no no no 
470 no 1.724 1.724 1.718 1.718 no no no 
6OT no no no no no no 
5Ï2 no 1.695 1.694 1.690 1.688 no no no 
362 no no no no no no 
0^ no no 1.709 1.698 no no no 
630 no 1.685 1.685 no no no no 
233 1.689 1.689 no 1.680 1.680 1.677 1.678 1.672 1.674 1.668 1.669 
2^ no 1.676 1.676 1.672 1.671 no no no 
Ï43 no no no no no no 
560 no no no no no no 
62? no 1.658 1.659 1.653 1.653 no no no 
313 no no no no no no 
38? no no no no no no 
452 no 1.654 1.654 1.649 1.649 no 1.648 1.643 no 
47Ï no no 1.644 1.644 no no no 
290 no 1.670 1.669 1.662 1.644 no no no 
522 no 1.665 1.665 1.660 1.660 no no 1.649 1.652 
323 no 1.630 1.630 1.627 1,626 1.623 1.623 no 1.615 1.616 
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Table A.2. (continued) 
hkl Dy Ho Er Tm Yb Lu 
532 no 1.622 1,621 no no no no 
ëâT no 1.614 1.615 no no no no 
Si no no 1.618 1.617 no no 1.605 1.607 
082 no no no no no no 
333 no no 1.583 1.584 no no no 
Ï82 no no 1.597 1.598 no 1.592 1.590 no 
29? 1.606 1.606 1.602 1.601 no no 1.585 1.588 1.583 1.585 
56? no no no no no no 
^0 no 1.588 1.588 no no no no 
no no 1.559 1.558 no no no 
372 1.586 1.586 1.581 1.581 1.577 1.577 1.572 1.573 no no 
ÏÏÔO no 1.564 1.564 no no no no 
64? no 1.559 1.559 1.554 1.554 no 1.549 1.549 1.544 1.546 
650 no 1.551 1.550 no no 1.540 1.540 1.538 1.537 
403 no 1.539 1.539 1.536 1.535 no no no 
063 no no no no no no 
4Ï3 no 1.534 1.534 no no no 1.519 1.519 
282 no no 1.546 1.546 no no no 
570 no no no no no no 
343 no no 1.530 1.531 no no no 
OÏÔ? no 1.524 1.523 1.519 1.518 no no 1.506 1.508 
7?0 no 1.518 1.517 no no no no 
602 no 1.509 1.506 1.501 1.500 no 1.498 1.496 no 
57? no 1.496 1.496 no no no no 
Ï63 no no 1.514 1.514 no 1.508 1.507 no 
2ÏÔ0 no no no no no no 
65? no no no no no no 
1101 1.512 1.513 1.505 1.508 1.504 1.503 no 1.492 1.496 1.489 1.493 
552 no no 1.495 1.495 no no no 
612 1.502 1.503 1.499 1.499 no no no no 
ÏÏQ no no no no no no 
263 no no no no no no 
660 no no 1.469 1.469 no no no 
Ï92 no 1.479 1.479 1.474 1.474 no no 1.462 1.464 
6^ 1.483 1.483 no no no no no 
4^ no 1.473 1.472 no no no no 
2ÏÔ? no no no no no no 
7?r no 1.465 1.466 1.460 1.460 no no no 
72? no no no no no no 
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Table A.2. (continued) 
hl(l Dy Ho Er Tm Yb Lu 
632 no no no no no no 
3ÏÔ0 no 1.446 1.445 1.441 1.441 no no no 
292 no 1.438 1.437 1.434 1.433 no no no 
740 no no 1.417 1.417 no no no 
642 no no no no no no 
66? no no no no no no 
73? no no no no no no 
no 1.422 1.420 no no no 1.410 1.410 
ïTTo no no no no no no 
004 1.417 1.417 1.414 1.414 1.412 1.411 1.409 1.409 no 1.404 1.401 
670 no no 1.396 1.393 no no no 
0ÏÔ2 no no no no no no 
523 no no 1.387 1.387 no no no 
1102 no 1.370 1.369 1.365 1.365 no 1.358 1.358 no 
204 no no no no no no 
2111 no no no no no no 
800 no 1.337 1.334 no no 1.325 1.326 1.323 1.324 
74Ï no no 1.377 1.374 no no no 
too no no 1.372 1.368 no no no 
Ï34 no no 1.351 1.368 no no no 
7Ï2 no no 1.332 1.332 no no no 
no no no no 1.315 1.315 1.313 1.312 
no no 1.324 1.326 no no no 
7SÏ no no 1.329 1.330 no no no 
3ÎTo no no no no no no 
827 no no no no no no 
543 no 1.333 1.331 no no no no 
810 no 1.329 1.329 no no no no 
820 no no 1.310 1.310 no no no 
4101 no 1.323 1.323 no no no no 
680 no no no no no no 
0Ï20 no 1.318 1.318 no no 1.308 1.307 1.306 1.304 
3111 no 1.298 1.297 no no no no 
662 no 1.308 1.307 1.303 1.303 no 1.300 1.299 1.297 1.296 
ioT no no 1.293 1.293 no no 1.290 1.288 
582 no 1.291 1.291 1.286 1.286 no no no 
830 no no no no no 1.284 1.285 
3102 no 1.287 1.287 1.283 1.283 no no no 
6Ï3 no no no no no 1.278 1.279 
310 
Table A.2. (continued) 
hkl Dy Ho Er Tm Yb LI 
no 1.276 1.277 no no no no 
0Ï2T no no no no no 1.272 
4^ no no no no no no 
1112 no no no no no 1.261 
770 no no no no no 1.255 
83? no 1.260 1.261 1.255 1.256 no no no 
W3 no 1.256 1.257 no no no no 
732 no no no no no no 
7  ^ no 1.270 1.271 1.266 1.266 no no no 
Ï54 no no no no no no 
293 no no no no 1.241 1.241 no 
^4 no no no no no no 
83? no no no no no no 
4?4 no no no no no no 
064 no no 1.242 1.243 no 1.238 1.238 1.236 
690 no 1.250 1.250 no no no no 
2112 no no no no no no 
264 no 1.213 1.214 no no no no 
no no no no no no 
643 no 1.229 1.230 no no no no 
802 no no 1.201 1.202 no no no 
Ï64 no no 1.235 1.235 no no no 
IsÂ no no 1.230 1.231 no no no 
4102 no no 1.225 1.222 no no no 
354 no no 1.209 1.210 no no no 
ÏÏÔ3 no no no no no no 
78? no 1.182 1.181 1.177 1.177 no no no 
790 no no no no no no 
8^ no 1.234 1.233 no no no no 
8Ï2 no 1.206 1.203 no no no no 
653 no 1.197 1.198 1.193 1.194 no no no 
9?0 no 1.186 1.182 no no no no 
832 no 1.175 1.176 no no no no 
920 no 1.171 1.172 1.167 1.168 no no no 
1122 no no 1.183 1.184 no no no 
5?4 no no 1.172 1.173 no no no 
454 no no 1.158 1.159 no no no 
4121 no no 1.152 1.153 no no no 
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APPENDIX B 
MAGNETIC SUSCEPTIBILITY FIGURES FOR SELECTED 
RE4MO4O11 MEMBERS 
312 
Magnetic susceptibility measurements for tlie RE^Mo^O^ ^ series wliere 
RE = Y, Nd, Eu, Gd, Tb, Dy, Tm, Yb, and Lu are given in the following pages. 
For those members which are not reported, the magnetic measurements did not 
give results characteristic of single phase material containing RE(III) cations. This 
behavior is not unusual since the purity, based upon x-ray powder diffraction, is 
only reliable in detecting impurities of -5-20% in samples. Molar susceptibilities 
are denoted by a line through data points drawn as vertical bars. Inverse molar 
susceptibilities are shown with a line through data points drawn as horizontal 
bars. The Curie-Weiss fit, if appropriate, is drawn as a line through the inverse 
molar susceptibility data. 
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Figure B.2. Molar and inverse molar susceptibility versus temperature of Nd^Mo^O^., 
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Figure B.6. Molar and Inverse molar susceptibility versus temperature of Dy^Mo^O^^. 
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Figure B.7. Molar and inverse molar susceptibility versus temperature of Tm^Mo^O^^. 
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Figure B.9. Molar susceptibility versus temperature of Lu^Mo^O^., with paramagnetic impurity tail. 
